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Résumé de thèse 
De la fonctionnalisation de surface à l’adhésion réversible 
 
Les problématiques liées aux surfaces et interfaces prennent de plus en plus d’importance dans de 
nombreux secteurs, aussi bien académiques qu’industriels. Dans de nombreuses applications, il n’est 
parfois pas nécessaire de conférer la réactivité désirée à la totalité du volume du matériau : une surface 
aux propriétés bien contrôlées peut suffire (Figure 1).  
 
Figure 1 : Différence entre matériaux activés sur tout le volume et ceux activés uniquement en surface. 
 
Lieu de discontinuité des propriétés d’un matériau, la surface possède un comportement qui lui est 
propre, généralement apporté par une étape de fonctionnalisation. Dans ce contexte, ce travail de thèse 
vise à élaborer des surfaces polymères aux propriétés thermoréversibles, de comprendre les 
mécanismes réactionnels mis en jeu aux interfaces et de proposer de nouvelles surfaces aux pouvoirs 
adhésifs réversibles. 
 
Il existe de nombreuses techniques permettant de modifier la surface des matériaux. La littérature est 
abondante et variée, on y trouve notamment des techniques visant à introduire des groupements 
fonctionnels à la surface d’un substrat. Parmi elles, la polymérisation plasma est une technique de 
dépôt chimique en phase vapeur, sans solvant, permettant le dépôt de films minces de polymères aux 
propriétés physico-chimiques contrôlées sur une grande variété de matériaux. Le plasma, état très 
excité de la matière, est généré grâce à un champ électromagnétique. C’est cette technique de 
fonctionnalisation qui a été choisie dans ce travail de thèse dans le but de déposer un film mince de 
polymère possédant des propriétés thermoréversibles sur divers substrats.  
Les propriétés de thermoréversibilité sont apportées grâce à la présence de groupements furanes, 
capables de réagir avec un diénophile par une réaction de Diels-Alder (DA). Cette réaction, dite 
« click », entre un diène et un diénophile a été décrite pour la première fois en 1928 par Otto Diels et 
Kurt Alder, et fut à l’origine de l’obtention de leur Prix Nobel en 1950. Dans la littérature, les études 
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sur la réaction de DA sont majoritairement réalisées en solution voire sur des matériaux massifs. Cette 
chimie a été beaucoup moins étudiée sur/dans des films minces, où la notion de confinement prend 
toute son importance. C’est dans ce contexte que se posent ces travaux de thèse. 
Dans un premier temps, une étude expérimentale approfondie sur la réactivité de DA (étude cinétique 
et thermodynamique) a été réalisée. Des polymères plasma ayant des propriétés physico-chimiques 
variées ont été synthétisés et un couple diène/diénophile modèle, le furane présent dans le polymère 
plasma et l’anhydride maléique en solution, a été choisi. La compréhension de la réactivité interfaciale 
de DA sur des polymères plasma constitue la première grande partie de cette thèse. Diverses méthodes 
de caractérisation des propriétés du film mince fonctionnel (spectroscopie infrarouge, spectrométrie 
photo-électronique X, mesures d’angle de contact, mesures par microbalance à cristal de quartz avec 
dissipation, microscopie à force atomique et ellipsométrie) ont été utilisées pour confirmer dans un 
premier temps la faisabilité du procédé de fonctionnalisation basé sur la polymérisation plasma puis de 
quantifier la réactivité interfaciale de DA. Dans une seconde partie, la méthodologie développée a été 
élargie à la compréhension de la réactivité interfaciale de DA et rétro-DA mettant en jeu un autre 
couple diène/diénophile, à savoir le furane (toujours greffé sur le polymère plasma) et le maléimide 
(en solution). Enfin, le greffage du maléimide sur un substrat a permis de s’interroger sur la faisabilité 
d’une adhésion covalente réversible, à l’échelle moléculaire mais aussi macroscopique, entre deux 
substrats solides fonctionnalisés, l’un avec des groupements furanes, l’autre avec des groupements 
maléimides. 
 
Faisabilité de la réaction interfaciale de Diels-Alder sur des films polymères déposés par 
plasma (couple furane/anhydride maléique) 
Plus précisément, dans un premier chapitre de résultats, une polymérisation plasma dite pulsée de 
l’anhydride maléique a été réalisée afin d’obtenir des films minces fonctionnels possédant une bonne 
rétention de fonctions anhydrides en surface (jusqu’à 54 % pour un cycle de marche DC = ton/(ton + toff) 
= 2 %). Ces fonctions anhydrides ont ensuite été utilisées pour une étape de post-modification 
(aminolyse) en présence de furfurylamine (Figure 2). 
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Figure 2 : Elaboration des films polymères possédant des fonctions furane (diène) en surface. 
 
Ensuite, la faisabilité de la réaction de DA entre le furane, immobilisé sur un substrat et l’anhydride 
maléique (AM) dans l’eau a été étudiée par différentes méthodes de caractérisation : mesures d’angle 
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de contact, spectrométrie photo-électronique X (XPS), spectroscopie infrarouge de réflexion-
absorption à modulation de phase (PM-IRRAS), microbalance à cristal de quartz avec dissipation 
(QCM-D). Bien que la caractérisation de l’avancement de la réaction ne soit pas possible par PM-
IRRAS, les autres méthodes ont permis de déterminer qu’à 30 °C, la réaction de DA entre une surface 
fonctionnalisée par des groupements furanes (hydrophobes) et l’AM (hydrophile) était réalisable en 
5 h pour une concentration en AM de 2,35 x 10
-4
 mol.L
-1. La mesure d’angle de contact étant la plus 
simple et la plus efficace, elle a été sélectionnée pour réaliser les études ultérieures. Dans les 
précédentes conditions de concentration et de température ([AM] = 2,35 x 10
-4
 mol.L
-1
, 30 °C), le 
temps de réaction a ensuite été optimisé, révélant que 2 h étaient suffisantes pour atteindre l’équilibre 
de réaction (Figure 3). 
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Figure 3: Evolution de l’angle de contact à l’avancée à pH = 13 avec le temps de réaction après immersion d’une 
surface fonctionnalisée par des groupements furanes et l’AM dans l’eau ([AM] = 2,35 x 10-4 mol.L-1 à 30 °C). 
 
Ces conditions de réaction optimisées ([AM] = 2,35 x 10
-4
 mol.L
-1
 à 30 °C pendant 2 h) ont ensuite été 
utilisées afin de préparer des surfaces fonctionnalisées par l’adduit de DA. Ces surfaces ont été 
immergées à 80 °C dans de l’eau distillée afin d’étudier la rétro-DA (rDA), par mesure d’angle de 
contact à l’avancée (ACA). L’observation d’une soudaine variation d’ACA après 4 h d’immersion a 
montré que l’adduit disparaissait de la surface. 
Ces études préliminaires ont donc démontré que la réaction de DA était possible et réversible dans des 
conditions douces. 
La polymérisation plasma a été choisie comme technique de fonctionnalisation de surface car ce 
procédé en phase vapeur permet de revêtir tout type de matériaux. En ce sens, il est intéressant de 
prouver la stabilité de la chimie de surface après plusieurs cycles de DA/rDA ([AM] = 2,35 x 10
-
4
 mol.L
-1
 à 30 °C pendant 2 h/eau à 80 °C pendant 5 h) sur différents substrats : un wafer de silicium, 
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une plaque de verre et une plaque de polyamide 6 (PA 6) commerciale. La présence de l’adduit de DA 
(hydrophile) a été vérifiée après chaque étape par mesure d’ACA à pH = 13 (Figure 4).  
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Figure 4: Evolution de l’ACA à pH = 13 après chaque étape de DA et rDA sur différents substrats fonctionnalisés. 
 
La parfaite réversibilité de cette réaction a également été vérifiée par XPS. Ainsi, cette première partie 
a démontré l’excellente réversibilité de la réaction de Diels-Alder entre le furane et l’AM dans l’eau 
pour des températures modérées sans dégradation de la chimie de surface. 
 
Réactivité interfaciale de la réaction de Diels-Alder entre des surfaces fonctionnalisées 
par des groupements furanes et l’anhydride maléique 
Dans ce chapitre, l’étude a porté notamment sur l’influence de divers paramètres (concentration des 
réactifs, température) sur la cinétique de la réaction de DA entre le furane, immobilisé sur un substrat, 
et l’AM dans l’eau. La technique de caractérisation par mesure d’angle de contact s’est révélée être la 
plus simple et la plus efficace pour étudier la cinétique de réaction de DA entre le furane et l’AM sur 
des surfaces. Une méthodologie permettant de calculer des paramètres thermodynamiques a 
notamment été développée pour caractériser la réactivité interfaciale de DA sur des revêtements 
possédant diverses propriétés physico-chimiques (Figure 5). 
a) b) c)
DC = 2 % DC = 20 % DC = 100 %
 
Figure 5 : Représentation schématique de différentes surfaces fonctionnelles basées sur la polymérisation plasma 
pulsée à différents cycles de marche DC. Les points rouges représentent les groupes fonctionnels et les lignes violettes 
représentent les chaines polymères pour a) DC = 2 %, b) DC = 20 % et c) DC = 100 %. 
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Il a été montré qu’il est possible de contrôler la vitesse de réaction, l’énergie d’activation et les 
enthalpie et entropie d’activation de l’état de transition en changeant simplement les conditions 
opératoires utilisées lors de l’élaboration du film mince fonctionnel. En effet, comme illustré sur la 
Figure 5, les groupements fonctionnels sont peu nombreux et peu mobiles en raison du taux de 
réticulation élevé pour DC = 100 %. La vitesse de réaction est par conséquent relativement faible pour 
ce type de revêtement. Par ailleurs, les vibrations moléculaires sont gênées par la réticulation. De plus, 
les groupements fonctionnels accessibles sont ceux situés en extrême surface. La réaction de DA ne 
nécessite donc pas une énergie d'activation élevée (pour DC = 100 %) puisque ces derniers sont plutôt 
accessibles et ordonnés. L'augmentation de l'enthalpie d'activation pour obtenir le complexe d'état de 
transition lorsque les polymères sont moins réticulés est expliquée de la même manière que 
l'augmentation de l'énergie d'activation : la formation du complexe activé nécessite plus d'énergie 
puisque les groupes fonctionnels situés plus profondément dans le polymère plasma (orientés de 
manière aléatoire) peuvent être impliqués dans la formation du complexe. En ce qui concerne 
l'entropie d'activation, il est intéressant de noter que des valeurs légèrement négatives ont été calculées 
pour les polymères les plus réticulés. Ce résultat est compréhensible puisque la réaction interfaciale de 
DA se produit probablement plus favorablement en extrême surface pour un DC plus grand. Par 
conséquent, un certain ordre peut être obtenu au cours de la formation du complexe d'état de transition. 
 
Dans un second temps, c’est le temps de post-modification (aminolyse) qui a été multiplié par 12, afin 
d’en observer l’influence sur la réactivité de la réaction de DA. En caractérisant la cinétique de la 
réaction par mesure d’angle de contact, il a été montré que le temps de post-modification n’avait pas 
d’influence sur la réactivité en extrême surface. Ceci est probablement dû au fait que les fonctions 
furanes saturaient déjà la surface après 5 min d’aminolyse. Afin d’observer la réactivité au sein du 
polymère plasma, par PM-IRRAS par exemple, il aurait été nécessaire d’avoir un étalon interne, une 
bande qui ne varie pas avec le temps d’immersion de la surface dans la solution de diénophile. 
 
Ainsi, cette partie a démontré la possibilité de contrôler la réaction de DA entre le furane, immobilisé 
en surface, et l’AM dans l’eau simplement en modifiant l’environnement physico-chimique du diène. 
 
Réactivité interfaciale de la réaction de Diels-Alder entre des surfaces fonctionnalisées 
par des groupements furanes et le maléimide 
Dans une troisième partie expérimentale, le diénophile a été modifié afin d’utiliser un composé 
pouvant être dérivé à façon selon l’application souhaitée et en l’occurrence pouvant in fine être greffé 
sur des surfaces. La méthodologie développée dans la partie précédente a été appliquée ici pour 
caractériser la réactivité interfaciale entre des dérivés du furane (diène sur le polymère plasma) et un 
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dérivé hydrosoluble du maléimide (diénophile en solution). L’étude cinétique a montré que la réaction 
de DA dans l’eau à 50 °C atteignait un équilibre en seulement 5 minutes. 
Il a également été montré que la présence d’un espaceur entre le diène et le polymère plasma 
influençait légèrement sa réactivité avec une macromolécule de poly(éthylène glycol) (PEG) terminée 
par un groupement maléimide (MAL-PEG13) (Figure 6). Ce résultat était attendu car il a été montré 
précédemment que l’accessibilité et la mobilité des groupements fonctionnels présents sur la surface 
jouaient un rôle sur la réactivité du film mince. 
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Figure 6 : Différents espaceurs utilisés entre le diène (furane) et le polymère plasma (en violet) afin d’étudier 
l’influence de la mobilité du diène sur sa réactivité interfaciale avec un diénophile dérivé du maléimide (MAL-PEG13). 
 
Toutefois, dans le cas décrit ici, l’encombrement stérique généré par la chaîne PEG liée au maléimide 
limite l’accès aux sites réactifs en surface (furanes). Il est par conséquent difficile de conclure sans 
ambiguïté sur l’effet de la présence d’un espaceur entre le diène et le polymère plasma sur la réactivité 
interfaciale car la diminution de la densité de groupements furanes en surface lorsque l’espaceur est 
présent n’influence pas nécessairement le greffage de cette macromolécule volumineuse. En revanche, 
il a été intéressant de comparer la cinétique de la réaction entre les dérivés du furane et le MAL-PEG13 
réalisée sur des surfaces et en solution (collaboration avec l’Institut Charles Sadron, Strasbourg). 
Il s’est révélé que les constantes de vitesse de réaction variaient d’un facteur mille entre ces deux 
systèmes, en faveur de la réaction à l’interface. En effet, le confinement de la réaction sur des surfaces, 
en particulier lorsque la réaction est réalisée dans l’eau, semble favoriser la cinétique de la réaction de 
DA. Des énergies d’activation ainsi que des enthalpie et entropie d’activation plus faibles ont été 
calculées lorsque la réaction a lieu en solution, comparativement aux valeurs à l’interface. Ces 
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résultats peuvent s’expliquer par un degré de liberté de mouvements des réactifs plus important en 
solution que sur une surface. 
De plus, la réversibilité de la réaction interfaciale entre le furane et le maléimide a été vérifiée pour 
cinq cycles de DA/rDA dans des conditions douces (température inférieure à 90 °C). La cinétique de 
la réaction de rDA a également été étudiée de manière systématique par mesures d’angle de contact 
permettant de déterminer la loi de vitesse et les paramètres thermodynamiques associés à cette 
réaction. 
 
Cette partie, traitant d’un second couple diène/diénophile (furane/maléimide) a complété les résultats 
obtenus avec le couple furane/anhydride maléique. En particulier, l’effet du confinement de la réaction 
de DA sur des surfaces (vs. solution) a été abordé et la cinétique de la réaction de rétro-DA a été 
suivie. La compréhension fine de la réactivité interfaciale de DA et rétro-DA, notamment pour le 
couple furane-maléimide a ensuite été exploitée pour envisager l’adhésion covalente réversible entre 
deux substrats solides à des températures modérées. 
 
Adhésion réversible grâce à la réaction interfaciale de DA entre deux surfaces 
fonctionnelles 
L’adhésion réversible entre deux substrats solides trouve des applications très intéressantes pour le 
recyclage ou la cicatrisation de matériaux. Dans cette dernière partie, un dérivé du maléimide a été 
greffé sur des surfaces selon un procédé de fonctionnalisation (basé sur la polymérisation plasma) très 
proche de celui développé pour la fabrication de surfaces possédant des groupements furanes (Figure 
7). 
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Figure 7 : Elaboration des films polymères possédant des fonctions maléimides (diénophile) en surface. 
 
La réactivité interfaciale de DA et rDA entre des substrats fonctionnalisés par des diènes (furanes) et 
d’autres par des diénophiles (maléimides) a ensuite été étudiée à l’échelle macroscopique grâce à des 
tests de pelage et à l’échelle moléculaire par microscopie à force atomique (AFM). 
Dans un premier temps, la faisabilité de l’adhésion entre substrats solides a été prouvée et brièvement 
optimisée à l’échelle macroscopique (temps et température de contact, accessibilité et densité des sites 
réactifs) : pour un film mince possédant de nombreux groupements fonctionnels, l’adhésion est 
réalisable à 30 °C en seulement 20 h sous une pression de 20 mbar. Puis, le suivi de l’évolution de la 
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force de pelage en fonction de différents paramètres a permis de déterminer le temps et la température 
de rDA nécessaire pour séparer les deux substrats sans dégrader la chimie de surface (80 °C, 4 h). 
Enfin, la réversibilité de l’adhésion a été prouvée pour différents substrats (wafer de silicium, 
Téflon®, polyamide 6 et plaque de verre) (Figure 8), ce qui ouvre des perspectives applicatives très 
prometteuses. 
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Figure 8: Evolution de la force d’adhésion entre deux substrats solides fonctionnalisés par un diène et un diénophile, 
caractérisée par des tests de pelage à 90°, pour 5 cycles de DA/rDA. 
 
Dans un deuxième temps, l’adhésion réversible à l’échelle moléculaire a été vérifiée grâce à des 
mesures de force faites par AFM entre une surface et une pointe fonctionnalisées. Des cycles de 
chauffe/refroidissement visant à obtenir des informations sur la température de DA (30 °C) et rDA 
(80 °C) ont notamment été réalisés. 
 
Cette dernière partie, plus applicative, a permis de mettre en évidence des différences de temps de 
réaction de DA/rDA aux différentes échelles, moléculaire vs. macroscopique, (de quelques µs à 
quelques heures) mais des similitudes quant aux températures de réactions. Il est donc possible 
d’établir des corrélations entre les phénomènes à l’origine de la réactivité interfaciale (de Diels-Alder) 
aux différentes échelles. 
 
En conclusion, ce travail de thèse a conduit à différents résultats majeurs : 
- Le développement d’un protocole expérimental permettant l’élaboration de surfaces fonctionnelles 
possédant des propriétés thermoréversibles (sur des substrats de nature chimique différente), 
assisté par polymérisation plasma, 
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- La compréhension de la réactivité interfaciale de Diels-Alder entre un diène (immobilisé sur une 
surface) et un diénophile (l’anhydride maléique ou un dérivé du maléimide en solution) grâce à la 
mise au point d’une méthodologie de caractérisation de cette réactivité sur des surfaces, 
- Le contrôle de cette réactivité interfaciale grâce à la maîtrise des propriétés du polymère plasma, 
directement dépendantes des conditions opératoires utilisées lors de la fabrication des surfaces 
fonctionnelles, et aux choix des dérivés diènes/diénophiles utilisés, 
- La faisabilité de la réaction interfaciale de type Diels-Alder entre le furane et le maléimide, tous 
deux étant immobilisés sur des substrats solides de différentes natures chimiques, démontrant la 
possible adhésion covalente réversible de deux substrats et ce à des échelles différentes 
(macroscopique et moléculaire) 
 
 
  
  
General introduction 
Stimuli-responsive materials 
 
Should we adapt to materials or can we modify materials to obtain what we want and what we need? 
Since the beginning of humanity, natural materials (stone, wood, etc.) have allowed civilizations to 
develop. Thanks to the increase of knowledge in the field of materials and to the development of more 
and more sophisticated fabrication processes, civilizations have also allowed the development of 
materials such as metal alloys, ceramics and, more recently, synthetic polymers. Since the second-half 
of the 20
th
 century, researchers and engineers have found interest in responsive materials and 
particularly responsive polymers, able to adapt to their surrounding environment such as the mostly 
studied poly(N-isopropylacrylamine). The number of studies to design new smart materials keeps 
increasing because they play an important role in the development of advanced technologies. Today, 
we can find smart materials in all areas of activity. 
 
According to the targeted application, different stimuli are considered and can be classified among 
chemical or physical stimuli. 
Recently, chemical stimuli have been studied for various applications, such as the elaboration of pH-
stimuli responsive materials to control drug delivery and separation processes. The presence of 
specific molecules, for instance containing polar groups or able to form hydrogen bonds, can also 
modify the properties of materials and may be used to induce self-healing processes. Biomolecules 
may also provide chemical signals for the selective conjugation of proteins or sugars. Besides, 
physical stimuli have also gained interest because they can be remotely applied. Indeed, electro- or 
magneto-active polymers respond to an applied electric or magnetic field by changing their size or 
shape for instance. They are used to elaborate sensors, robotic muscles, to store data and in 
nanomagnetic materials for various biomedical applications. Photo-sensitive polymers can change 
their physicochemical properties in response to light irradiation at a given wavelength and intensity. 
The photoresponsive polymers are broadly used in nano- or bio-technology, such as for bio-patterning 
and photo-triggered drug delivery. Another highly-studied physical stimulus consists in the variation 
of the environmental temperature. This method is used for drug delivery, in liquid chromatography to 
vary the power of separation without changing the column and/or the solvent composition or to 
elaborate self-healing materials (composites) thanks to weak (H-bonds) or covalent interactions for 
instance. 
In the former examples, the whole composition of the system is usually specifically formulated to 
react to environmental conditions, although many phenomena locally occur at the surface of the 
material. This strategy is thus economically non-viable because only few percents of the material 
  
volume are exploited for their smart properties. Consequently, industrial renewal can be stimulated by 
the fabrication of stimuli-responsive coatings that could cover any material (Figure 1), preserving the 
characteristics of the bulk material and limiting the cost of these additional smart properties. 
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Figure 9: Difference between reactive material and reactive surface. 
 
In this context, this Ph.D. thesis aims to design smart interfaces with thermoreversible properties under 
mild conditions via a ‘universal’ functionalization process and, from a fundamental point of view, to 
understand the interfacial reactivity of such systems. In particular, the fabricated surfaces react through 
thermally-reversible Diels-Alder (DA) chemistry. This chemistry, leading to the formation of a 
cycloadduct by the reaction between a diene and a dienophile, is a good candidate to reach such 
properties since it exhibits dynamic covalent bonding under given conditions. 
 
The first results part of this thesis deals with the elaboration of smart surfaces, assisted by plasma 
polymerization. Indeed, this process enables the fabrication of functional polymer films on a wide 
variety of substrates (various natures and various shapes), making it ‘universal’ to a certain extent. The 
grafting of interfacial DA compounds (furan groups reacting as dienes) on these plasma coatings, by 
post-modification, brings the required properties to the polymer film. In addition to the fine 
characterization of the fabricated smart surfaces with thermoreversible properties, this chapter 
investigates also the reversibility of the interfacial DA reaction. 
 
The second results part deals with the thorough understanding of the interfacial reactivity of the DA 
reaction between furan-functionalized plasma polymers (diene) and maleic anhydride (dienophile) in 
water. The study focuses on the influence of various parameters (concentration of reactants, 
temperature) on the DA reaction kinetics. A methodology, based on contact angle measurements, is 
developed to characterize finely interfacial DA reaction on coatings with various physico-chemical 
properties. In particular, the rate law, the activation energy, the activation enthalpy and entropy 
associated to the formation of the transition-state complex are determined. 
 
  
In a third major part, the dienophile is changed in order to use a compound able to in fine be grafted 
on a solid substrate. The methodology previously developed is first applied to characterize the 
interfacial reactivity between furan-derivatives (diene in the plasma polymer) and a maleimide-
derivative (dienophile in water). Then, the results gathered in the first chapters are used to try to design 
coatings with the faster DA kinetics. As for the other diene/dienophile pair, the reversibility of the DA 
reaction is investigated over several Diels-Alder/retro-Diels-Alder cycles. 
 
Finally, the fourth major part addresses the reversible adhesion between two solid substrates, 
functionalized with complementary smart coatings with thermoreversible properties. For this purpose, 
a maleimide- and a furan-functionalized plasma polymers are fabricated. The feasible covalent 
adhesion between the two functionalized-solid substrates is first investigated at macroscopic scale by 
peeling tests (contact time and temperature, physico-chemical properties of the plasma polymers). 
Then, the adhesion strength at the interface is measured at the molecular scale by atomic force 
microscopy measurements and compared with macroscopic adhesion forces. A major characteristic of 
the interfacial DA reaction being its reversibility, this property is particularly investigated in order to 
validate ultimately the proof of concept of reversible covalent adhesion between two solid substrates, 
based on smart plasma polymers. 
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Chapter 1 
From thermoreversible chemistries to interfacial reactions 
 
I. Introduction 
Stimuli-responsive materials have properties that depend on the environment in which they are 
used.[1]–[4] Their dynamical properties originate from their ability to create and break specific 
interactions. This reversibility can be generated by different environmental factors such as the pH of 
the environment,[5], [6] a light stimulus,[7] a mechanical stress[8] or temperature modifications[9]–
[11] for instance. In this thesis, we are more precisely interested in smart materials that respond to a 
thermal stimulus.[12]–[16] Thermally reversible materials fit in two categories: the ones based on 
reversible weak interactions and those based on reversible covalent bonds.[17] Thermoreversible 
systems based on weak interactions mainly consist in materials that are able to create and break polar 
bonds or hydrogen bonds according to the surrounding temperature; the latter interactions entail for 
instance the formation of reversible chitosan/pectine hydrogels[18] or the formation of smart silica-
rubber nanocomposites.[19] In parallel, other thermo-sensitive systems are based on the reversible 
formation of covalent bonds according to the temperature of the system. Eventhough many studies 
report an effect of the temperature on the reversibilty of a reaction,[20], [21] few reactions can be 
classified as thermoreversible reactions, in the sense that they lead to the formation of covalent bonds 
that are reversible only via a thermal stimulus. These reactions will be called thermoreversible 
reactions thereafter. To the best of our knowledge, they concern alkoxylamine bonds[7], [22] that are 
mainly used for controlled radical polymerization thanks to the formation of a nitroxide free radical by 
reversible homolytic cleavage of C-ON bond, the reversible formation of thiazoline[23] and Diels-
Alder adducts.[24], [25] The latter are the most studied by far and will be the topic of this thesis. 
Diels-Alder reaction allows the stereoselective formation of cyclic compounds. Regarding the 
reactants that are involved in Diels-Alder reactions, they entail various temperatures for the direct and 
reverse reactions. The appropriate choice of reactants can therefore enable the selection of reaction 
temperatures that are adapted to the targeted application. This versatility in terms of temperature has 
enabled breakthroughs in the field of drug delivery systems,[26] in material science[27]–[30] and in 
organic chemistry.[31] In the first part of this chapter, we will described more precisely this 
thermoreversible reaction and discuss the use of the common reactants involved in this reaction. 
In most of the studies reported in the literature, the Diels-Alder reaction occurs in solution or in bulk 
materials. For the latter case, the entire material is formulated to react to the corresponding 
temperature change. However, since many phenomena occur at the surface of the material,[32] a 
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relevant alternative for the development of smart materials is the design of coatings that provide the 
expected thermoreversible properties solely to their surface. This strategy avoids to change the whole 
formulation of the material and therefore also its bulk properties but focuses on the interactions 
between the surface of the material and its environment. Therefore, the second section of this chapter 
aims at introducing the common functionalization techniques that can be used to the fabrication of 
functional coatings. 
Then, the major part of this chapter will focus on the use of these different functionalization methods 
in order to graft reactive sites that are able to react via Diels-Alder reaction onto various substrates. 
Some studies reported in this chapter only provide information about the direct Diels-Alder reaction 
whereas others also verify the reversibility of this reaction and the chemical stability of the interface 
after several Diels-Alder/retro-Diels-Alder cycles. 
 
II. The Diels-Alder reaction: an efficient thermoreversible reaction 
 II.1. Some words about the reaction 
The Diels-Alder (DA) reaction is classified as a click-reaction.[29], [33] Click chemistry describes a 
rapid (one pot), efficient, versatile and selective way of generating inoffensive products and 
byproducts.[34] This concept has been mainly used for biomedical applications.[35] 
The DA reaction corresponds to the cycloaddition between an 1.3 conjugated-diene and a dienophile 
(a molecule containing a double or a triple bond) and forms a product that is named the DA “adduct” 
(Figure 1. 1). The DA reaction is called a [4 + 2] cycloaddition because 4 π electrons are brought by 
the diene and 2 π electrons are brought by the dienophile for the formation of the transition-state 
complex. This concerted mechanism is facilitated when the diene have electrodonor substituants and 
the dienophile have electroattractive substituants because it lowers the energetic gap between the 
electronic orbitals of the diene (HOMO) and the dienophile (LUMO) and, thus, it decreases the 
reaction temperature and time.[36], [37] The discovery and the first thorough investigations of this 
reaction were performed by Otto Diels and Kurt Alder.[24] Their pioneer works on this reaction 
constituted a major scientific advance in organic chemistry and has allowed them to be granted by the 
Nobel Price in 1950. 
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Figure 1. 1: Representation of the reactants, product and transition-state complex formed during the Diels-Alder and 
the retro-Diels-Alder reactions. 
 
 II.2. Commonly used pairs in Diels-Alder reactions 
In order to design materials that have thermoreversible properties at relatively low temperature (close 
to room temperature), the DA reaction was mainly studied between furan-derivatives (diene)[38] and 
maleimide-derivatives (dienophile).[39] 
For instance, Van Benthem’s group characterized by 1H-NMR and DSC the possible DA reaction 
between furan and maleimide in chloroform at 328 K in 48 hrs.[40] This reaction is also feasible in 
bulk at 333 K, leading to the quasi-total healing of the polymer material.[41] Besides, the modification 
of the diene (furan) and dienophile (maleimide) substituents leads to different DA reactivity, 
decreasing the reaction temperature to 298 K.[42] 
However, these reactants are not the only system reported in the literature (Table 1. 1).[17] Among 
these examples, we can extract from the literature a short list of dienes and dienophiles also able to 
form spontaneously DA cyclo-adducts at room temperature (a condition required for this thesis 
project). The screening of suitable dienes leads to at least two additional families: cyclopentadiene and 
anthracene. Maleic anhydride, cyanoolefin and quinone constitute, with maleimide, the group of the 
best dienophile partners, whatever the diene used for the DA reaction. 
In case of cyclopentadiene-based adduct, particularly when the adduct is formed from fulvene and 
cyanofumarate derivatives as dienophile, a dynamic equilibrium at room temperature is observed with 
the DA partners.[43], [44] Indeed, cyanofumarates are strongly electron deficient olefins, providing 
excellent dienophiles for the DA reaction. Despite the high use as model dienophiles,[45] the adduct 
formed from quinone derivatives used to be chemically instable, leading to decomposition compounds, 
probably due to the reductive property of the quinone group.  
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Table 1. 1: Overview of the most used Diels-Alder systems.[17] 
Diene Dienophile Adduct TDA ( C)
50 – 80
125
25 – 120
RT
25
 
 
 II.3. Reversibility of Diels-Alder reaction 
Heating the DA adduct leads to the dissociation of the carbon-carbon bonds that were created during 
the direct DA reaction between the diene and the dienophile, and so to the formation back of the initial 
diene and dienophile (Figure 1. 1). This reaction is called the “retro-Diels-Alder” (rDA) reaction. 
The reversibility of the DA reaction has much less been studied compared to the direct DA 
reaction.[46], [47] A possible explanation of this tendency in the field of materials science could be 
that, in most cases, the rDA reaction temperature is often quite high and even sometimes really close 
to the degradation temperature of the material involved in the reaction. Indeed, if we consider the 
different pairs presented in Table 1. 1, the rDA reaction occured between 373 K  (furan/maleimide 
pair)[40], [48] and 523 K (anthracene/maleimide pair).[49] 
Recently, mainly for the furan/maleimide pair, the stereoisomeric effects on the rDA reaction were 
investigated.[40], [46] For each adduct, the rDA reaction temperature was determined by DSC. The 
variation in the rDA temperature was important regarding the substituants present on the adduct, 
revealing the sensitivity of the reaction to substituants. Moreover, this rDA temperature was 
sometimes higher than the melting point temperature of the polymer involved in the reaction.[40] 
Moreover, thanks to NMR analyses, it was established that the endo- and exo-adduct show different 
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thermal responses: the rDA reaction occured systematically 20 to 40 K lower for the endo- than the 
exo-adduct. 
As for other DA pairs, similar studies have been conducted. As an example, it was proved in 2009 that 
the DA reaction between tetrafulvene and biscyanoethylene occured at room temperature, in several 
days, leading to an increase of the viscosity of medium due to the formation of relatively high 
molecular weight macromolecules. When the temperature was increased up to 373 K, the viscosity 
rapidly decreased due to the rDA reaction.[50] With this chemical system, Reutenauer et al. succedeed 
in fabricating self-healing thin films. 
 
However, most of the studies dealing with the rDA reaction only describe the feasibility[40] or the 
reactivity[46] of the retro-cycloaddition but not the material behavior after several DA/rDA cycles due 
to the degradation of the reactants cycles after cycles. Thereby, if one can control the reversibility of 
the DA reaction on several DA/rDA cycles, this reaction appears as a useful tool for the fabrication of 
smart polymers and their applications as self-healing materials or materials with high recycling 
potential.  
 
To sum up, the DA and rDA reactions were broadly studied in solution or in bulk for various 
diene/dienophile pairs, providing information about the control of the reactions (temperature, time) 
and of the materials properties (self-healing behavior for instance). However, the DA reaction was less 
studied on surfaces. Indeed, being a place of discontinuity of the materials’ properties, the surfaces 
have a special behavior and the confinement of the species tend to change their accessibility and so 
their reactivity. Before giving an overview of studies dealing with interfacial DA reactions, the 
following section briefly present the major techniques that can be used to functionalize the surface of a 
material in order to modify its outermost layer and to synthesize a functional, reactive coating on it. 
 
III. Techniques for surface functionalization: how to control surface properties? 
Various functionalization methods are described in the literature to design surfaces with controlled 
properties. They consists of physical or chemical surface modification techniques and include the 
elaboration of self-assembled monolayers (SAMs)[51] or multi-layered materials,[52]–[54] grafting of 
small molecules[55], [56] or polymers.[57] Recently, several groups have also explored the use of bio-
inspired materials, such as polydopamine derivatives, to functionalize the surface of various materials 
thanks to catechol groups.[58] To avoid the use of wet chemical method during the fabrication of the 
polymer coating, chemical vapor deposition (CVD) including Plasma-Enhanced CVD (PECVD) 
processes have been developed to provide the required chemical groups onto the surface of a 
material.[59]–[61] Before discussing how these processes were exploited to provide thermoreversible 
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properties to the surface in order to make them reactive regarding the Diels-Alder reaction, these 
techniques are briefly described in the following section. 
 
 III.1. Surface treatments 
First of all, the literature mentions different techniques for surface modification without the formation 
of a polymer coating on the surface of the material.[62] The goal of these processes is to alter the 
surface of the material in order to achieve the desired property (improve adhesion, wettability or 
hardness for example). 
For this purpose, UV-light exposure[63], UV/ozone cleaning[64] or plasma treatment with non 
polymerizable gases (nitrogen, oxygen or argon)[65] are an easy way to clean or activate the 
outermost surface of a material. Abrasive blasting[66] or gas cluster ion beam[67] are more useful to 
modify the material roughness over a given thickness. These technics are generally used as 
pretreatment processes before depositing a thin film on a material. However, they are not adapted to 
the permanent chemical modification of the surface and even less to the providing of complex 
chemical groups, like the ones required for interfacial DA reaction. Therefore, other surface 
modification techniques will be favored for this purpose leading to more durable surface coatings. 
 
 III.2. Deposition of functional coatings 
  III.2.1. Chemical grafting of (macro)molecules in liquid phase 
The modification of the outermost layer of a material can also been realized by a chemical grafting of 
small molecules (silanes, isocyanates, etc...) or polymers by “grafting from” or “grafting to” 
methods.[57], [68] The “grafting from” method consists of the in situ synthesis of a coating initiated 
by chemical groups present on the substrate. It enables the formation of a functional (polymer) coating 
with a high grafting density. The second method, the “grafting to”, is based on the chemical grafting of 
the pre-synthesized (macro)molecule, constituting the coating, directly onto the substrate. It leads to 
less dense coating because of steric hindrance during the grafting step but to chemically well-designed 
surfaces since the composition of the grafted (macro)molecule is perfectly controlled. These 
techniques can be used for the fabrication of surfaces bearing DA reactive groups but they are limited 
or need to be adapted to the chemical nature of the substrate. Indeed, the grafting step strongly 
depends on the chemical groups originally present on the material. These techniques can’t be 
considered as ‘universal’ functionalization techniques. 
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  III.2.2. Adsorption of (macro)molecules from precursor solutions 
The physisorption or chemisorption in liquid phase of self-assembled monolayers (SAMs) or thin 
polymer films also enable the formation of functional coatings. SAMs can be realized from different 
molecules (mainly thiols), on different substrates that may need to be previously treated/activated.[51], 
[69], [70] As illustrated in Figure 1. 2, the formation of the coating is based on strong interactions of a 
head group with a substrate, leading to the chemisorption of the functional layer, and on weak 
intermolecular interactions between the tails of the molecules, often via hydrogen bonds, leading to the 
assembly of the layer. This technique enables the assembly of (macro)molecules with well-designed 
properties on the surface of a material. As for grafting, the functionalization process has to be adapted 
to the chemical nature of the substrate. 
 
Figure 1. 2: SAMs that are spontaneously formed by immersion of the substrate (grey) in a solution of the functional 
adsorbate (blue). Inspired from [70]. 
 
The elaboration of controled physisorbed-thin films can be realized by the Langmuir-Blogett 
technique,[71] by the Layer-by-Layer (LbL) deposition method of polyelectrolytes to obtain thin films 
with charged polymers[53], [54], [72] or simply by spin coating, to deposit uniform thin films on flat 
surfaces from a precursor solution.[73] In this last case, the functional coating is deposited on the 
substrate by high speed rotation of a droplet of solution containing the coating material while the 
solvent used to prepare the precursor solution is evaporated (Figure 1. 3). The speed at which the 
solution is spun and the viscosity of the precursor solution determine the thickness of the deposited 
film.[74] This functionalization process is rather ‘universal’ since it can be performed on many 
susbstrate materials. However, the solvent used to prepare the precursor solution should be compatible 
with the substrate material and complex geometries of the substrate should be avoided. 
 
Figure 1. 3: Different steps occurring during the spin coating process.[74] 
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  III.2.3. Solventless deposition techniques 
In order to avoid the use of solvent during the fabrication of the functional coating, vapor phase 
deposition processes are widely used alternatives to provide the required chemical groups onto the 
surface of the material.[75], [76] In particular, chemical vapor deposition (CVD) is a one-step process 
leading to the vapor deposition of high-performance solid thin films on different materials. The 
chemical reactions of the precursor species mainly occur in the gas phase but can also occur on the 
substrate (Figure 1. 4).[59] It leads to the formation of functional thin films over relatively large areas 
and enables the fabrication of more or less conformal films that stick more or less strongly to the 
substrate regarding the exact deposition process.[77] 
 
Figure 1. 4: Reaction process occuring during CVD.[59] 
 
Plasma-Enhanced CVD, also named plasma polymerization, that has been chosen for this study, is one 
of the CVD techniques. It uses a precursor playing the role of both the initiator and the monomer and 
leads to strongly adhesive polymer thin films. Despite the presence of many reactive species during 
the deposition, a wide variety of chemical groups can be brought to the surface via this process. More 
details about this functionalization technique will be given in the following section. 
 
 III.3. Plasma polymerization as a way to design functional coatings with controlled 
properties 
  III.3.1. The plasma state 
The plasma state is a luminous, electric state, also known as the 4
th
 state of matter, made of different 
particles: electrons, ions, radicals, photons and neutral molecules. This state was only studied last 
century,[78], [79] while it is the base of all known matter. Lots of the theoretical and practical 
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discoveries concerning the plasma were made in the 30’s-50’s thanks to statistical mechanics applied 
to excitated particules. At that time, it was also the start of study of high frequency generated 
plasmas.[80] This particular state of matter has been then exploited for surface modification including 
for the deposition of functional polymer thin films. 
 
  III.3.2. Deposition of polymer coatings assisted by plasma polymerization 
To deposit a polymer thin film on a substrate by plasma polymerization, a flux of precursor (used as 
initiator and monomer) must be introduced into the reaction chamber. The excitation of this precursor 
leads to its fragmentation into activated species (electrons, ions, radicals, neutrals species) that quickly 
recombine to form a polymer coating as described by Yasuda (Figure 1. 5).[81] 
 
Figure 1. 5: Growth mechanism of a plasma polymer from Mi precursor, inspired from [81]. 
 
The polymer deposition occurs on the substrate and on the reactor walls by energy loss due to 
collisions, chemical reactions and increase of the molar mass of the species. The molecules deposited 
on the substrates may have lone pair electrons, this is why the surface is highly reactive allowing the 
polymer growth (Figure 1. 6).[82] Ions simultaneously bombard the surface which entails ablation 
phenomena during the polymerization growth.[60] Since a lot of reactions occur during this 
ablation/polymerization process, the polymer is often highly cross-linked, leading to limited chain 
mobility and swelling of the film in solvents. Besides, the activation of the substrate by plasma 
species, especially at the beginning of the polymer growth, favors a good adhesion between the plasma 
polymer and the substrate. 
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Figure 1. 6: Schematic illustration of the growth of a plasma polmer thin film on a substrate inside a low pressure 
plasma reactor. 
 
Finally, by choosing the appropriate precursor and carefully controlling the process conditions, it is 
possible to deposit polymer thin films with a great variety of chemical groups (such as anhydrides,[83] 
amines,[84] aniline,[85] alcohol[86] or fluorinated groups[87], [88]). 
 
III.3.3. Control of the surface physico-chemistry by plasma polymerization 
The physico-chemical properties of the deposited polymer film (the retention rate of functional groups, 
the film roughness, thickness and crosslinking) can be finely controlled by the operating conditions of 
plasma polymerization.[84], [89], [90] Indeed, the equilibrium between ablation and polymerization 
processes depends on lots of parameters such as the type of reactor, the nature and the flow rate of the 
precursor, the working pressure, the excitation frequency, the temperature of the system, the power 
delivered by the generator or the excitation mode (continuous or pulsed).[82], [83] 
In particular, it is shown in literature that for an increasing value of the power used to generate the 
plasma state, the polymer growth rate increases since the energy provided to the precursor entails its 
fragmentation, so the density of activated species increases, leading also to a higher polymerization 
rate up to a certain limit. If one continues to increase the power, the ablation mechanism becomes 
more and more important, thus limiting the polymer growth rate.[91], [92] It is also possible to control 
the retention rate of the functional groups of the precursor into the polymer film by using pulsed 
plasma polymerization[82], [83], [93] with an appropriate duty cycle DC (Equation 1) and pulse 
frequency f (Equation 2): pulsed polymerization promotes the retention of the chemical groups by 
limiting the fragmentation of the precursor and ionic bombardment compared to continuous plasma 
polymerization (Figure 1. 7). 
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𝐷𝐶 =
𝑡𝑜𝑛
𝑡𝑜𝑛 + 𝑡𝑜𝑓𝑓
= 𝑋% 
          (1) 
with ton corresponding to the time during which the plasma is generated and toff being the time during 
which there is no plasma. 
𝑓 =
1
𝑡𝑜𝑛 + 𝑡𝑜𝑓𝑓
 
          (2) 
 
The on-time (ton) generates active sites in the gas-phase and at the surface of the substrate whereas 
conventional polymerization mainly occurs during the off-time (toff). 
D
e
n
s
it
y
 o
f 
s
p
e
c
ie
s
P
o
w
e
r 
(W
)
Impulsion time (10-3 s – 10-6 s)
Substrate
Plasma « on »
Ions
UV Electrons
Radicals
modification
deposition
etching
Substrate
Plasma « off »
R
a
te
 o
f 
 d
e
p
o
s
it
io
n
deposition
 
Figure 1. 7: Schematic illustration of the different steps occuring during a pulsed plasma polymerization. 
 
To conclude, in addition to the fact that plasma polymerization is an interesting surface 
functionalization process since it occurs without the use of any solvent and can be adapted to many 
natures and geometries of substrate, it is also possible to tailor the physico-chemical properties 
(density of functional groups, crosslinking-rate, roughness, etc...) of the well-adhering polymer thin 
film obtained by PECVD by varying the operating conditions (power, DC, etc...). 
 
IV. Design of surfaces able to react via interfacial Diels-Alder chemistry 
As previously mentioned, the DA reaction is a thermoreversible cycloaddition between a diene and a 
dienophile, frequently used in material science. The investigation of the DA reactivity is well-
discussed in the literature when performed in solution or in bulk material but much less at interfaces. 
Since interfacial DA is the main topic of this thesis, the following section will give an overview of 
studies dealing with DA reactions performed on surfaces. Many examples dealing with DA chemistry 
on solid surfaces consist of surface functionalization of carbon materials.[94], [95] DA reaction 
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involves sp
2
 carbons and leads to the formation of carbon-carbon bonds. Alkenes usually serve as 
dienophiles and react with dienes via [4+2] cycloaddition. More complex and organized structures 
such as fullerenes, carbon nanotubes or graphene sheets could also be involved in DA reactions.[96]–
[100] Interfacial DA reactions on this kind of materials won’t be described in details here since their 
intrinsic chemical composition already enables DA chemistry. More interestingly, a special focus will 
be given on interfacial DA reactions performed on materials whose surface has been modified to 
provide them thermoreversible properties. The surface functionalization processes that have been used 
to engineer such surfaces will be presented as well as the proof of concept of the feasibility of the 
interfacial DA reaction on these surfaces and on the reversibility of this reaction when treated. 
 
 IV.1. Interfacial Diels-Alder reaction on monolayers or silane assemblies 
The pioneer studies about interfacial DA reaction were carried out on self-assembled monolayers 
(SAMs) having diene or dienophile groups at the outermost surface of the material. 
In 1999, Mrksich’s group started its work on the fast immobilization of cyclopentadiene-terminated 
biotin on gold substrates (310 K, 2 hrs) thanks to interfacial DA reaction with quinone groups present 
at the surface of a SAM.[101], [102] A few years later, Wendeln et al. studied the spatio-selective 
immobilization of carbohydrate on silane-based SAMs by DA chemistry.[103] As illustrated in Figure 
1. 8, the interfacial DA reaction occured by microcontact printing between cyclopentadiene-terminated 
carbohydrate and SAMs functionalized with maleimide groups at the extreme surface (293 K, 5 to 15 
minutes). 
 
Figure 1. 8: Schematic overview of the interfacial DA reaction between cyclopentadiene- and maleimide-derivatives 
on SAMs.[103] 
 
A similar strategy was chosen by Gevrek et al. to fabricate rewritable surfaces. Furan-functionalized 
polymers were grafted on oxidized silicon and glass substrates and patterned by microcontact-printing 
with maleimide‐termined dye molecules or biotin ligands.[104] Sun’s group also reported the one-
step[105] or two-step[106] immobilization of biomolecules onto glass slides at room temperature 
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thanks to an aqueous DA reaction. For this purpose, maleimide-derivatives were grafted on glass 
slides and were allowed to react with cyclopentadiene-poly(ethylene glycol) (PEG)-derivatives (Figure 
1. 9) in order to obtain bioactive surfaces. 
 
 
Figure 1. 9 : Immobilization of biomolecules through an aqueous DA reaction between maleimide and cyclopentadiene 
derivatives.[106] 
 
Other applications in the field of material science motivated the use of interfacial DA reactions from 
diene- or dienophile-terminated silane assemblies. For instance, fluorinated compounds could be 
selectively immobilized by a DA reaction in order to control the wettability of the glass 
substrates.[107] Fullerenes were grafted on silicon wafers through DA reaction between C60 and 
anthracene-terminated monolayers[108] to engineer transistors or sensors. For applications in the field 
of nanocomposites, silica nanoparticles (often used as crosslinkers) were functionalized with 
maleimide groups and their reactivity with furan was investigated. The effect of steric hindrance of the 
reactive groups at the surface of the nanoparticles on the DA reactivity was particularly 
discussed.[109] Hetero-DA reactions were reversibly performed between various dienophile-
functionalized polymers and diene-terminated silane assemblies (Figure 1. 10) to design efficiently 
swichable surfaces.[110], [111] 
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Figure 1. 10: Synthesis of silicon substrates with highly reactive cyclopentadiene moities (Si-CP) and subsequent 
reversible reactions with dienophile-capped polymers.[110] 
 
These studies prove the possibility to perform DA reaction on surfaces. However, the functionalization 
method used there has one major drawback: it is a substrate-dependent technique because SAMs or 
silane assemblies can’t be deposited on a multitude of materials. It is limited to gold, silicon and glass 
substrates. To broaden the potential industrial application of interfacial DA reactions, other surface 
functionalization techniques should be chosen. 
 
 IV.2. Interfacial Diels-Alder reaction on various materials via grafted 
(macro)molecules 
Barner-Kowollik’s group realized several studies on the interfacial hetero-DA reaction under mild 
reaction conditions at the surface of polymer microspheres. They used polymers terminated by a 
RAFT agent to play the role of diene- or dienophile-compound during the DA reaction. On this way 
they nicely combined hetero-DA reaction with controlled radical polymerization for the design of 
original polymeric materials.[111], [112] This strategy has also been applied for the grafting of 
glycopolymers at the surface of poly(divinylbenzene) microspheres by Müller’s group.[113] Cellulose 
has also been used as substrate for interfacial hetero-DA cycloaddition. Available hydroxyl groups 
present on the fibers served for cyclopentadiene grafting. The DA reaction of the diene-functionalized 
cellulose with a thiocarbonyl thio-terminated polymer was then investigated.[114] 
 
Since these functionalization methods are dependent on the nature and so on the available functional 
groups from the substrate, some researchers, inspired by the adhesion of mussels on various substrates, 
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tried to use biocompatible poly(dopamine) derivatives to overcome this issue.[58], [115] For instance, 
Woisel’s group recently grafted furan- or maleimide-functionalized polydopamine on a TiO2 surface 
and subsequently investigated the feasibility of DA reaction (333 K, 7 days) between maleimide-
derivatives and furan-derivatives. The wettability of the surfaces could be tailored by changing the 
hydrophobicity of the derivatives (Figure 1. 11).[116] 
 
Figure 1. 11: Schematic illustration and changes of water drop profile of the furan-functionalized titanium surface 
before and after subsequent DA reaction with fluorinated- or PEGylated-maleimide derivates. rDA followed by a 
second DA reaction also enables the switch between the two final surfaces.[116] 
 
Using the same functionalization process based on catechol anchoring, Barner-Kowollik’s group 
immobilized cyclopentadiene-PEG (diene) on different maleimide-functionalized substrates (gold, 
silicon and poly(ethylene)) by interfacial DA reaction in toluene. This proof-of-concept study 
demonstrated the possibility of attaching (298 K, 14 hrs) and detaching (363 K, 8 hrs) specific 
polymers on demand.[117] 
 
In summary of these two first sections, various materials can be functionalized with dienes and 
dienophiles to perform subsequent interfacial DA reaction. The surface modification process should 
mostly be adapted to the nature of the substrate material; although the grafting of functional 
poly(dopamine) derivatives seems to be the most universal way to provide DA-reactive coatings to the 
surface of many materials. It should however be mentioned that all processes previously mentioned 
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are conducted in solution and mostly in toluene, which may be detrimental for some substrate. 
Therefore, CVD processes are interesting alternatives to wet chemical methods to provide DA-reactive 
groups at the surface of many material, without damaging them. The following section will present 
interfacial DA reactions performed on coatings engineered by CVD techniques. 
 
 IV.3. Interfacial Diels-Alder reaction on polymer thin films fabricated by CVD 
Rare studies considered interfacial DA cycloaddition on a polymer coating engineered by a vapor-
phase functionalization process. Initiated chemical vapor deposition (iCVD) was used by Gleason’s 
group to deposit poly(furfuryl methacrylate) (PFMA) on silicon wafers in soft conditions.[118] This 
CVD technique consists in thermal activation of an initiator (tert-butyl peroxide in this case), which 
then enables the polymerization of a monomer constituting the vapor phase. Since thermal initiation 
locally occurs within the reactor chamber, the chemical groups present in the monomer (that are not 
involved in the propagation step of polymerization) remain almost intact. The presence of the furan 
ring groups (diene) in the PFMA thin films was confirmed using the DA reaction with 4-phenyl-1,2,3-
triazolin-3,5-dione (dienophile) in toluene (room temperature, 10 mins) (Figure 1. 12). 
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Figure 1. 12: DA reaction between the furan groups of PFMA thin films deposited by iCVD and 4-phenyl-1,2,3-
triazolin-3,5-dione in toluene.[118] 
 
Among numerous chemical vapor-phase processes, PECVD is a good candidate to favor a durable 
anchoring of the functional polymer coating on the surface of the substrate since plasma gas strongly 
interacts with the substrate simultaneously to the polymer film growth. Compared to iCVD, no 
specific initiator needs to be used since the precursor plays the role of both initiator and monomer. To 
obtain a polymer thin film with DA reactive groups by this method, two strategies can be adopted: 
- directly synthesizing a polymer thin film made of a precursor having the thermoreversible 
functions or, 
- post-functionalizing a coating deposited by plasma polymerization with a molecule having the 
desired thermoreversible groups. 
 
The first way was studied in 2005 with the direct synthesis of PFMA by a soft pulsed plasma 
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polymerization (Power = 40 W, ton = 20 µs, toff = 20 ms).[119] The DA reaction between this furan-
functionalized plasma polymer and maleic anhydride was investigated by X-ray photoelectron 
spectroscopy (XPS) and Fourier-transform infrared spectroscopy (FTIR), demonstrating that the 
reaction occurred mainly at the extreme surface of the pulsed plasma polymer film. However, the 
double bonds of the furan ring partially reacted with the plasma phase, limiting the number of 
functions available for the DA reaction. 
 
This is why the second strategy seems to be promising to increase the retention rate of DA-reactive 
groups within the functional plasma polymer. In this context, Roucoules et al. reported also in 2005 an 
original study where the plasma polymer itself doesn’t contain DA reactive groups but plasma 
polymer serves for anchoring of dienophile onto the surface. Plasma polymerization of maleic 
anhydride and subsequent aminolysis reaction of allylamine yielded surfaces with terminal alkene 
groups. The DA reactivity between the plasma polymers containing alkene groups and cyclohexadiene 
in toluene (363 K, 15 hrs) was then investigated (Figure 1. 13).[120] This approach was repeated on 
different substrates (steel plates, poly(ethylene) films, poly(styrene) microspheres and paper) to 
demonstrate the universality of the functionalization process. In 2006, the same functionalization 
process was used to explore the interfacial DA reaction between plasma polymers containing alkene 
groups and cyclopentadiene-derivative (308 K, 45 mins).[121]  
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Figure 1. 13: Reaction of poly(maleic anhydride) plasma polymer with allylamine and subsequent DA reaction with 
1,3-cyclohexadiene. Inspired from [120]. 
 
These rare studies reporting on the fabrication of functional thin films made by CVD processes and 
having diene or dienophile groups at the outermost surface proved the feasiblility to perform 
interfacial DA reaction on such coatings. They also opens interesting perspectives for potential 
industrial applications since these solvent-free processes didn’t damage the material and can be 
applied to a wide variety of substrates. In the previous sections, all studies reported on interfacial DA 
reactions between a solid substrate, functionalized with DA-reactive groups, and a complementary DA 
reactant in solution. However, some studies also mentioned the interfacial DA reaction between bulk 
materials for the formation of a fully solid material. These works will be discussed thereafter. 
 
IV.4. DA chemistry at the interface between bulk materials 
In order to have optimal mechanical performance and high durability of composite materials, a good 
compatibility at the interface between the matrix and the fibers should exist, possibly by the presence 
of strong bonds between them. These bonds may however be damaged and their repair is a real 
challenge for such materials. In this context, interfacial DA reaction has been developed for the 
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fabrication of self-healing composites at relatively low temperature. As demonstrated by Palmese’s 
group,[122] DA and rDA reactions between maleimide-functionalized glass fibers and furan-
functionalized matrix were evidenced and exploited for internal healing of the interface (Figure 1. 14).  
 
Figure 1. 14: DA based interfacial healing. Glass fibers are represented in white and the polymer matrix in 
orange.[122] 
 
A similar strategy was reported for the self-healing of carbon/epoxy composites.[123] The interfacial 
shear strength at the interface between maleimide-functionalized carbon fibers and the reactive epoxy 
resin made of furfuryl glycidyl ether was evaluated by single fiber micro-debonding test and enabled 
the evaluation of the healing efficiency. It can be noticed that self-healing was still observed after four 
healing procedures. 
 
The concept of reversible adhesion between solid substrates was also developed for the engineering of 
thermally-controlled assembly of nanoparticles. For this purpose, gold nanoparticles functionalized 
with maleimide or furan groups were mixed together. They were able to assemble by the formation of 
covalent bonds between them at low temperature (direct DA reaction) whereas the nanoparticules 
aggregates dissociated at a higher temperature by retro-DA reaction, as illustrated in Figure 1. 15.[124] 
The reversibility of the system was claimed up to 30 DA/rDA cycles, showing the excellent retention 
of functional groups at the surface of the gold nanoparticles during the cooling/heating cycles. 
 
 
Figure 1. 15: Direct and retro-DA reactions between maleimide-modified gold nanoparticles (2-C12MPN) and furan-
modified gold nanoparticles (3-C12MPN).[124] 
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In 2010, Gao’s group reported an interesting study describing the bonding process of glass slides 
based on DA reaction at mild temperature (Figure 1. 16).[125] The silanisation of the substrates led to 
the fabrication of furan- and maleimide-functionalized glass slides. When brought into close contact 
and heated for 5 hrs at 473 K, a bonding strength as high as 1.78 MPa was measured, which was 
sufficient for the targeted application, namely the fabrication of microchips. This study however didn’t 
mention the rDA reaction to debond the glass slides and remains limited to some specific natures of 
substrate. 
 
 
Figure 1. 16: Functionalization of glass slides with DA reactive groups by silanisation and bonding of process of the 
two reactive substrates.[125] 
 
In 2006, our group has started to investigate the possible good adhesion between solid substrates 
functionalized by DA-reactive plasma polymer coatings.[126], [127] As illustrated in Figure 1. 17, 
soft substrates (ethylene propylene diene monomer rubber or soft aluminium) were functionalized by 
plasma polymerization and subsequent aminolysis with allylamine in order to get alkene groups 
(dienophile) at their surface. In parallel, rigid substrates (rigid aluminium) were functionalized with 
cyclopentadiene-derivatives (diene) through a silimar functionalization process. After optimizing the 
contact parameters (423 K, 28 bars, 15 mins), the substrates could be covalently bonded by direct DA 
reaction: the peeling energy between aluminium substrates was as high as W180 = 300 J.m
-2
 thanks to 
interfacial reaction between the complementary functional plasma polymers. 
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Figure 1. 17: Functionalization of soft and rigid subtrates by alkene and cyclopentadiene groups.[126] 
 
Debonding of the substrates by rDA reaction at 473 K was also demonstrated by peeling tests at 180° 
(Figure 1. 18). Several DA/rDA cycles were carried out and after 3-4 cycles, the peeling energy 
decreased, revealing a loss of adhesion and the limited reversibility of this system. 
 
Figure 1. 18: Peeling energy W180 measured by a peeling test performed during several cooling/heating cycles. The 
heating step was carried out at 573 K.[126] 
 
Based on the same surface functionalization method (plasma polymerization followed by post-
modification process), operating this time at atmospheric pressure, Choquet’s team successfully 
bonded two solid substrates, polymer (Kapton) and metal (polished aluminium), thanks to the 
interfacial DA reaction between furan- and allylamine-derivatives (448 K, 60 bars, 4 hrs).[128] They 
observed that the functionalized polymer-metal assemblies presented a thermoreversible adhesion as 
the adhesion strength drastically decreased by a factor of around 50 when the system was heated at 
473 K. As shown in Figure 1. 19, the chemical stability of the system allowed a reversible adhesion 
over 3 DA/rDA cycles. 
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Figure 1. 19: Evolution of the peel strength for polymer-metal assemblies fabricated by interfacial DA reactions as a 
function of the peel length for 3 heating/cooling cycles.[128] 
 
In the two last examples, the degradation of the adhesion properties after several DA/rDA cycles 
probably originates from the limited stability of the functional coating at high temperature. Indeed, the 
rDA temperature was relatively high (473 K) which may first lead to a chemical ageing of the coating 
but also to cracks and partial delamination of the reactive thin film. The chemical systems developed 
in these two studies were thus not optimal for a durable reversible adhesion between solid substrates. 
 
As illustrated by these different works, it is possible to carry out an interfacial thermoreversible 
reaction between a DA-functionalized surface and DA reactant in solution but also between two solid 
substrates. According to the nature of the substrate, various surface modification techniques have been 
developed to achieve thermally-controlled immobilization of molecules on surface or adhesion. These 
studies open innovative perspectives in the field of smart coatings. However, if the DA reaction was 
always described, the reversibility of the reaction has less been investigated and seems to remain really 
challenging, in particular over a certain number of DA/rDA cycles. In addition, the proof of concept of 
the DA reaction constitutes the main concept often described in these studies but the fine 
understanding of the DA reactivity is rarely discussed. The following section will briefly present the 
main studies in which this issue was investigated. 
 
V. Investigation of interfacial Diels-Alder reactivity 
From 2000, Mrksich’s group reported several studies dealing with the investigation of interfacial DA 
reactivity on SAMs. They particularly studied the influence of the chemical environment of the 
functional groups on the DA reactivity. For instance, they were interested in the impact of the steric 
environnement around the reactive functions on the interfacial DA reactivity. For this purpose, they 
prepared SAMs containing quinone groups surrounded by hydroxyl-terminated alkanethiolates and 
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they monitored the cycloaddition with cyclopentadiene. The accessibility of the quinone was varied by 
using thiols of different lengths.[45] They demonstrated that the longer the thiol, the faster the DA 
reaction (higher rate constant k) (Figure 1. 20). Indeed, a longer thiol increases the accessibility of the 
quinone reactive site, thus facilitating the formation of the transition-state complex (Table 1. 2) and so 
favoring the DA reaction. 
 
Figure 1. 20: Evolution of the second-order rate constants, k, for interfacial DA reaction between cyclopentadiene and 
quinone groups immobilized on SAMs with varying lengths of quinone-terminated alkanethiol.[45] 
 
Table 1. 2: Thermodynamic parameters characterizing the formation of the transition-state complex during the 
interfacial DA reaction between cyclopentadiene and quinone groups immobilized on SAMs of different lengths. [45] 
Length (number of methylene groups) of 
quinone terminated alkanethiol 
ΔH≠ (kJ.mol-1) ΔS≠ (kJ.mol-1.K-1) ΔG≠ a) (kJ.mol-1) 
9 38 ± 2 -0.13 ± 0.1 80 ± 1 
13 23 ± 1 -0.18 ± 0.1 77 ± 1 
a) Calculated at 300 K 
 
Moreover, the interfacial kinetics also depends on the chemical environment of the immobilized 
species. So, they also investigated this effect on SAMs by immobilizing quinone groups mixed with 
hydroxy groups and methyl groups.[129] The functionalized monolayers reacted at 300 K with 
cyclopentadiene, revealing that the interfacial DA reaction kinetics was completely different regarding 
the different environmental groups (Figure 1. 21).  
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Figure 1. 21: Comparison of the evolution of the rate constant k’ with diene concentration for the DA reaction 
between cyclopentadiene and quinone-functionalized SAMs mixed with (a) hydroxy groups or (b) methyl groups.[129] 
 
Our group also performed a kinetics study on the interfacial DA reaction between 
((trimethylsilyl)methyl)cyclopentadiene (diene) in solution and alkene-functionalized surfaces 
(dienophile) in order to compare the reactivity between DA-reactive plasma polymer and SAMs.[121] 
At a constant diene concentration, the surface density of the residual alkene functions was 
characterized at different temperatures (ranging from 278 K to 328 K) leading to the determination of 
the DA rate constants, kDA, for both substrates (Table 1. 3). It can be noticed that interfacial DA 
reaction was faster on SAMs compared to the plasma polymer. This result is in accordance with the 
conclusion from Mrksich’s studies since the DA-reactive groups are more crowded within plasma 
polymers, thus decreasing the DA rate constant. 
 
Table 1. 3: Values of DA rate constants, kDA, calculated at 295 K for the different substrates.[121] 
Sample kDA ((m
3
.mol
-1
)
2
.s
-1
) 
Monolayer 4.8 x 10
-10
 
Plasma polymer thin film 3.6 x 10
-10
 
 
Applying the transition-state theory, thermodynamic parameters characterizing the formation of the 
transition-state complex have been calculated. The results are given in Table 1. 4. 
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Table 1. 4: Thermodynamic parameters characterizing the formation of the DA transition-state complex.[121] 
Sample ΔH≠ (kJ.mol-1) ΔS≠ (J.mol-1.K-1) ΔG≠ a) (kJ.mol-1) 
Monolayer 69 ± 3 -458 ± 13 206 ± 1 
Plasma polymer thin film 46 ± 4 -538 ± 16 206 ± 1 
a) Calculated at 298 K 
 
The higher value of activation enthalpy ΔH≠ in monolayers highligths that the SAMs are probably 
more flexible (they are not tightly packed SAMs) than the plasma polymer film, whose crosslinking 
limits the mobility of the DA-reactive groups. For the same reason, the formation of the transition-
state complex is accompanied by a lower gain of order in SAMs than in plasma polymers. 
 
These studies show that a thorough investigation of reaction kinetics enables a better understanding of 
the reactivity of the surfaces. They prove that the environment of the reactive groups and the degree of 
freedom highly impact the DA reactivity. The control of the properties of the engineered functional 
coatings is therefore a major challenge in order to control the interfacial DA reactivity. 
 
VI. Conclusion 
As a conclusion, Diels-Alder chemistry between dienes and dienophiles offers an efficient way to 
design materials with thermoreversible properties. Widely studied in solution or in bulk materials, DA 
reactions have been less investigated at the surface of a material. For many applications, interfacial 
properties are crucial since they control material-environment interactions. Therefore, this thesis offers 
to focus on interfacial DA reactions. 
Thermoreversible properties can be brought to the surface of a material via several functionalization 
techniques, including wet chemical methods or vapor-phase processes. In order to develop a surface 
modification technique that can be adapted to a wide variety of materials (chemical nature, geometry) 
but also in order to get a durable and well-adhesive coating, plasma-enhanced chemical vapor 
deposition, also named plasma polymerization has been chosen for this study. This surface 
functionalization technique leads to the fabrication of polymer thin films whose chemical nature is 
directly determined by the choice of the precursor used during the deposition. However, the operating 
conditions of this CVD process also strongly influence the physico-chemical properties of the polymer 
coating including its retention rate of functional groups and its crosslinking. Therefore, a careful 
selection of precursor and conditions of plasma polymerization are required in order to design smart 
coatings with thermoreversible properties, namely with functional groups reacting via DA chemistry. 
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While the feasibility of DA reaction on surface and especially on plasma polymers has already been 
described in the litterature, its reversibility seems to be still challenging. Indeed, very few studies 
mention this issue and the published results on this topic show that the rDA reaction temperature is too 
high (473 K) to keep the surface chemistry stable after several DA/rDA cycles. Many efforts should 
thus be made in order to develop a durable reversible chemical system that can be grafted on surfaces. 
The design of such smart coatings could then open many innovative perspectives in the field of 
reversible adhesion and sustainable development for instance. 
Finally, such coatings couldn’t be efficiently developped without a thorough investigation of 
interfacial reactivity. This issue is also little investigated in the literature eventhough the conclusion of 
the rare studies show that the chemical environment of the reactive groups at the surface of the 
material strongly impacts the DA reactivity. Consequently, a special focus on the understanding of 
interfacial DA reaction will be made in this work aiming at designing highly reactive smart coatings. 
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Chapter 2 
Experimental section 
 
I. Introduction 
In the present chapter, the materials used for this study, the processes for the fabrication of functional 
surfaces, general protocols applied for the synthesis of new Diels-Alder reactants and for the 
investigation of Diels-Alder reaction between two diene/dienophile pairs as well as the different 
characterization methods, are described. 
 
II. Synthesis of specific reactants used for surface functionalization or DA reactions 
The syntheses described in this section have been performed and optimized by the group of Loïc Jierry 
from the Institut Charles Sadron (ICS) in Strasbourg. 
 
 II.1. Synthesis of NH2-terminated DA adduct 
In order to confirm the feasibility and the reversibility of the DA reaction between furan-derivatives 
grafted onto the surface and maleic anhydride (Chapter 3), the DA adduct terminated with an amine 
group was synthesized. This NH2-terminated DA adduct, called Add-NH2 (Figure 2. 1), was then used 
to be directly grafted onto the plasma polymer of poly(maleic anhydride). 
Add-NH2 has been prepared through a solid support synthetic pathway: 1g of 2-chlorotritylchloride 
resin (100-200 mesh, 1.0-1.5 mmol.g
-1
, Aldrich) was suspended in 7 mL of dried dichloromethane 
(ACROS Organics). 486 mg (0.44 mL, 5 mmol, 4 equiv.) of furfurylamine (Aldrich) and 646 mg 
(0.87 mL, 5 mmol, 4 equiv.) of diisopropylethylamine DIPEA (ACROS Organics) were added to the 
previous mixture and stirred on a moving plate at room temperature during 18 hrs. Then, the beads 
were filtered off and rinsed 5 times with 10 mL of dichloromethane. These beads were suspended 
again in 10 mL of dried dichloromethane and maleic anhydride was added to this organic phase 
(981 mg, 10 mmol, 10 equiv.). The reaction mixture was stirred on a moving plate for 24 hrs and then 
filtered off and washed 5 times with 10 mL of dichloromethane. The beads were suspended in 10 mL 
of dichloromethane containing 5 % of trifluoroacetic acid (ACROS Organics). The beads became red 
instantaneously. The reaction mixture was stirred on a moving plate during 3 hrs and the beads filtered 
off. The organic phase was kept and the beads were washed with 10 mL of dichloromethane 
containing 10 % of DIPEA: the beads got a yellow color. All organic phases were gathered and 
dichloromethane was removed under reduced pressure, providing a yellowish oil. 1 mL of 
dichloromethane was added to this residue and the reaction mixture was placed in an ice-bath. 5 mL of 
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diethylether (ACROS Organics) was added drop-by-drop under stirring and the resulting white 
precipitate formed (65 mg) was filtered and dried under reduced pressure. 
 
 
Figure 2. 1: DA adduct terminated with an amine group (Add-NH2) synthesized to be directly grafted onto the plasma 
polymer of poly(maleic anhydride). 
 
According to 
1
H-NMR spectra, it seems that Add-NH2 was obtained as a single isomer (endo or exo). 
Add-NH2 was kept under argon and at 4 °C before to be used. 
1
H-NMR (DMSO-d6, 400 MHz): δ (ppm) 3.43 (d, 
3
J = 6.5 Hz, 1 H)? 3,48 (d, 
3
J = 6.5 Hz, 1 H), 3.57 
(dd, 
2
J = 15.0 Hz, 
3
J = 6.0 Hz, 1 H), 4.11 (dd, 
2
J = 15.0 Hz, 
2
J = 6.0 Hz 1 H), 5.31 (d, J = 2 Hz, 1 H), 
6.24 (d, 
3
J = 12.5 Hz, 1 H), 6.39 (d, 
3
J = 12.5 Hz, 1 H), 9.33 (br t, 
3
J = 
3
J = 5.5 Hz, 3 H); ESI
+
-MS: m/z 
= 236.7 (M+Na
+
). 
 
 II.2. Synthesis of Fur-PEG2-NH2 
In order to investigate the influence of a short spacer between the substrate and the DA reactive site on 
interfacial DA reactivity, the tert-butyl(1-(furan-2-yl)-3,6-dioxo-10,13-dioxa-2,7-diazapentadecan-15-
yl)carbamate (FUR-PEG2-NHBoc, 1), presented in Figure 2. 2, was synthesized. 
82 mg of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (Iris Biotech) (0.53 mmol) was added to a 
mixture containing 83 mg of 3‐{[(furan‐2‐yl)methyl]carbamoyl}propanoic acid (synthesized as 
presented in [1]) (0.44 mmol), 100 mg of tert‐butyl N‐{2‐[2‐(2‐aminoethoxy)ethoxy]ethyl}carbamate 
(synthesized as presented in [2]) (0.43 mmol), 70 mg of N-hydro-succinimide (ACROS Organics) 
(0.6 mmol) and 98 mg of triethylamine (ACROS Organics) (1 mmol) in 10 mL of dried 
dichloromethane (99 %, Aldrich) under inert atmosphere (argon). The mixture was then stirred for 
20 min at room temperature. Then, the reaction mixture was washed successively with saturated 
solution of NaHCO3, distilled water, 5 % HCl solution and distilled water. The organic phase was 
dried over MgSO4 and concentrated using reduced pressure. Two chromatography columns were then 
performed to isolate and purify the crude product: a first chromatography (90:10 
dichloromethane:methanol eluent, Rf = 0.3) was followed by a second chromatography (95:5 
dichloromethane:methanol eluent, Rf = 0.2) to provide 36 mg (0.09 mmol) of compound 1 as a 
yellowish solid. The overall yield was 20 %. 
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1
H-NMR (D2O, 400 MHz): δ (ppm) 1.74 (s, 9 H), 2.52 (s, 4 H), 3.24 (t, 
3
J = 
3
J = 5.5 Hz, 2 H), 3.34 (t, 
3
J = 
3
J = 5.5 Hz, 2 H), 3.56 (t, 
3
J = 
3
J = 5.0 Hz, 2 H), 3.58 (t, 
3
J = 
3
J = 5.0 Hz, 2 H), 3.64 (s, 4 H), 4.33 
(s, 2 H), 6.27 (dd, 
3
J = 3.0 Hz, 
4
J = 0.5 Hz, 1 H), 6.39 (dd, 
3
J = 3.0 Hz, 
3
J = 2.0 Hz, 1 H), 7.43 (dd, 
3
J = 2.0 Hz, 
4
J = 0.5 Hz, 1 H). 
13
C-NMR (D2O, 100 MHz): δ (ppm) 27.6, 31.1, 36.1, 38.9, 69.4, 80.9, 107.1, 110.5, 142.6, 151.0, 
158.1, 174.4. 
 
To graft compound 1 onto poly(maleic anhydride), the -NHBoc extremity has to be deprotected into -
NH2 groups, leading thus to FUR-PEG2-NH2 (4-aminomethyl-3a,4,7a-tetrahydro-4,7-epoxy-2-
benzofuran-1,3-dione, 2). For this purpose, 100 mg of FUR-PEG2-NHBoc (0.24 mmol) were dissolved 
into 100 mL of dichloromethane. 300 mg of trifluoroacetic acid (99 %, Alfa Aesar) (2.4 mmol) were 
added to the system and stirred during 3 hrs at room temperature. The organic phase was removed 
under reduced pressure. Traces of trifluoroacetic acid were coevaporated using 2 x 10 mL of toluene 
(99.5 %, Carlo Erba) to yield FUR-PEG2-NH2 (99 %, 85 mg, 0.24 mmol) as an orange oil. 
1
H-NMR (D2O, 400 MHz): δ (ppm) 2.53 (s, 4 H), 3.25 (t, 
3
J = 
3
J = 5.5 Hz, 2 H), 3.34 (t, 
3
J = 
3
J = 5.5 Hz, 2 H), 3.57 (t, 
3
J = 
3
J = 5.0 Hz, 2 H), 3.59 (t, 
3
J = 
3
J = 5.0 Hz, 2 H), 3.65 (m, 4 H), 
4.34 (s, 4 H), 4.66 (s, 2 H), 6.35 (dd, 
3
J = 3.0 Hz, 
4
J = 0.5 Hz, 1 H), 6.40 (dd, 
3
J = 3.0Hz, 
3
J = 2.0 Hz, 
1 H), 7.42 (m, 1 H). 
NH
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Figure 2. 2: Furan-derivative synthesized to study the influence of a short spacer between the substrate and the DA 
reactive site on interfacial DA reactivity (1) before (FUR-PEG2-NHBoc) and (2) after deprotection (FUR-PEG2-NH2). 
 
III. Preparation of the substrates 
Single-side polished silicon wafers (20 mm x 10 mm, Silicon Materials Inc) were pretreated by 
30 mins UV/ozone cleaning (Nanosciences, ProCleaner™ 220) followed by 1 hr silanization with 
1.9 x 10
-3
 mol L
-1
 1-triethoxysilylprop-2-en-1-amine (92 %, abcr GmbH) in chloroform (99 %, Carlo 
Erba) at room temperature. Silanized wafers were thoroughly rinsed with chloroform and ethanol and 
dried under nitrogen flow. 
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Gold wafers were prepared by successive thermal evaporation under high vacuum of 10 nm 
chrominum and 20 nm gold on native single-side polished silicon wafers, previously washed with 
acetone and ethanol and dried under nitrogen flow. 
 
For the study of the interfacial DA in water, commercial plates of polyamide 6 (PA 6, Goodfellow) (5 
mm thick), commercial glass slides (Roth, n°H869.1) with approximate dimensions of 20 mm x 10 
mm as well as gold-coated quartz sensors crystals (LOT Quantum Design) with a diameter of 15 mm 
were also used as substrates. Before coating them with a plasma polymer thin film, they were cleaned 
with ethanol and by 30 mins UV/ozone cleaning. 
 
For the reversible adhesion study, commercial plates of polyamide 6 (PA 6, Goodfellow) (5 mm 
thick), commercial plates of Teflon (PTFE) (1 mm thick) and commercial glass slides (Roth, 
n°H869.1) with approximate dimensions of 50 mm x 30 mm were used. Poly(dimethylsiloxane) 
(PDMS) substrates were prepared by mixing the base and the curing agent of the Sylgard® 184 (Dow 
Corning) in a 1:10 weight ratio and curing the PDMS for 24 hrs at room temperature and additional 
5 hrs at 353 K in a homemade Teflon® mold with the dimensions of 100 mm x 15 mm (1 mm thick). 
Commercial AFM tips (Nanosurf, ACT-50) with a spring constant of the cantilever of 42 N.m
-1
 were 
also used. Before coating the different substrates with a plasma polymer thin film, they were cleaned 
with ethanol and by 30 mins UV/ozone cleaning. 
 
IV. Fabrication of the polymer thin films assisted by plasma polymerization 
Maleic anhydride (99 %, Aldrich) was ground into a fine powder, furfurylamine (99 %, Alfa Aesar), 
allylamine (98 %, Aldrich), Add-NH2, FUR-PEG2-NH2 and ethylenediamine (99 %, Aldrich) were 
used as received. 
Maleic anhydride and the amine used for the post-modification step were separately loaded into a 
stoppered glass gas-delivery tube with two compartments and degassed by three freeze−pump−thaw 
cycles. As described elsewhere,[1], [2] plasma polymerization experiments were carried out in an 
electrodeless cylindrical reactor (6 cm diameter, 680 cm
3
 volume, base pressure of 5 x 10
-4
 mbar, leak 
rate better than 1 x 10
-10
 kg.s
-1
) enclosed in a Faraday cage. 
The reactor (Figure 2. 3) was equipped with a gas inlet on one side and a Pirani pressure gauge and a 
two-stage rotary pump (Edwards) connected to a liquid nitrogen cold trap on the other side. All joints 
were grease-free. An externally wound copper coil (4 mm diameter, 4 turns) was connected to an 
impedance matching network (Dressler, VM 1500 W-ICP), used to match the output impedance of a 
13.56 MHz radio frequency (RF) power supply (Dressler, Cesar 133) to the ionized gas load by 
minimizing the standing wave ratio of the transmitted power. 
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Figure 2. 3: Photography of the plasma reactor used in this project. 
 
Prior to each experiment, the reactor was cleaned by a 30-minute, 40 W air plasma treatment. The 
system was then vented to air and the substrates were placed into the center of the chamber (19 cm 
from the chamber inlet), followed by evacuation back down to base pressure. Subsequently, maleic 
anhydride vapor was introduced into the reaction chamber at a flow rate of approximately 1 x 10
-4
 g.s
-1
 
and
 
a work pressure of 2 x 10
-1
 mbar. At this stage, the plasma was ignited by supplying an average 
continuous-wave power of 10 W. The power delivered by the RF generator was continuous for 8 mins 
or pulsed at a frequency of 816 Hz and a given duty cycle DC (Equation 1) for 30 mins (DC = 2 %) or 
15 mins (DC = 20 %) (the reaction times were chosen to obtain similar thicknesses for the different 
coatings). 
 
DC =
ton
ton + toff
= X % 
         (1) 
Upon completion of deposition of poly(maleic anhydride), the RF generator was switched off and the 
monomer feed allowed to continue to flow through the system for a further 2-minute period before 
evacuating the reactor back down to base pressure. Then, if a post-modification step was required, the 
reactor was fed with the amine-derivative vapor at a pressure of 2 mbars for furfurylamine, allylamine 
or FUR-PEG2-NH2, 0.46 mbar for Add-NH2, and 1.8 mbar for ethylenediamine without pumping. The 
amine-derivative was allowed to react with poly(maleic anydride) by vapor-phase aminolysis for 
variable durations (Y mins). In the case of ethylenediamine grafting, the reactor was pumped back 
down to base pressure before a second aminolysis reaction with maleic anhydride (0.3 mbar for 
5 mins). The reactor was finally pumped back down to base pressure before venting it up to 
atmosphere. The furan-functionalized surfaces (FUR X %Y or FUR-PEG2 X %Y, X % corresponding 
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to the DC used during plasma polymerization of maleic anhydride, Y corresponding to the aminolysis 
reaction time), allyl-functionalized surfaces (ALLY X %Y), adduct-functionalized surfaces 
(Add X %Y) or maleimide-functionalized surfaces (MAL X %Y) were removed from the reactor and 
placed in an oven under vacuum at 393 K for 1 hr in order to transform the amide groups, produced by 
the aminolysis reaction between anhydride groups of the plasma polymer and the amine of the amine-
derivative, into more stable cyclic imide groups.  
 
V. Investigation of the Diels-Alder reaction between diene and dienophile-compounds 
grafted onto surfaces and/or in solution 
 V.1. Interfacial DA reaction in solution 
To investigate the DA reactivity of furan-functionalized plasma polymer (or allyl-functionalized 
surfaces as references), the functional surfaces were immersed in deionized water at room temperature 
for 1 hr in order to remove any precursor molecules or low molecular chains that were not covalently 
bonded to the plasma polymer films. They were then dried under nitrogen flow and immersed in a 
dienophile solution, containing maleic anhydride or alpha-methoxy-omega-ethyl-maleimide 
poly(ethylene glycol) (MAL-PEG13, Iris Biotech) at a given concentration, at a given temperature, for 
a given time to carry out the Diels-Alder reaction. Afterwards, the surfaces were rinsed five times with 
deionized water and dried under nitrogen flow. The different characterizations of these surfaces were 
realized just after the drying step. 
 
 V.2. DA reaction in solution 
To investigate the formation of the DA adduct between furan-derivative and maleimide derivative in 
solution, FUR-PEG2-NHBoc and MAL-PEG13 were mixed together into 700 µL of D2O just before 
introduction into the 
1
H-NMR equipment.  
The DA reaction in D2O between MAL-PEG13 and FUR-PEG2-NHBoc was investigated at various 
temperatures and concentrations. 
 
 V.3. Interfacial DA reaction between two solid substrates 
Soft substrates (PDMS) were functionalized with maleimide-functionalized coatings, MAL X %Y, in 
order to have dienophile groups at the surface. Rigid substrates (silicon wafer, PTFE or PA 6) were 
functionalized with furan-functionalized coatings, FUR X %Y or FUR-PEG2 X %Y, or allyl-
functionalized coatings, ALLY X %Y, in order to have diene or dienophile, respectively, at the 
surface. The functional soft substrates were first immersed into deionized water for 5 sec in order to 
bring mobility to the reactive functions before being brought into contact with one rigid furan (or 
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allyl)-functionalized substrate. This contact was then maintained in an oven at a given temperature 
during a given time, under a pressure of 20 mbars, in order to investigate the reversible covalent 
adhesion between two solid substrates. 
 
VI. Description of the characterization techniques 
The functionalized samples were analyzed by different surface characterization techniques: contact 
angle measurements, polarization-modulation infrared reflection-absorption spectroscopy (PM-
IRRAS), X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), quartz crystal 
microbalance with dissipation monitoring (QCM-D), peeling tests. The DA reaction in solution was 
also characterized by proton nuclear magnetic resonance spectroscopy (
1
H-NMR). 
 
 VI.1. Contact angle measurement 
Dynamic contact angle measurements were carried out using a Drop Shape Analyzer (DSA100, 
Krüss©), in order to quantify the wettability of the surfaces. A droplet of 2 µL of solution was 
cautiously deposited on the surface and a continuous enlargement of the drop volume was performed 
at 10 µL.min
-1
. Measurements were made on both sides of the drop. The contact angle value obtained 
just before the meniscus moved corresponded to the indicated advancing contact angle (ACA). Each 
ACA value was determined by the calculation of the average value of ten independent measurements. 
The standard deviation for all average values indicated afterwards is about 2°. 
The solution used for ACA measurements were deionized water (furan/maleimide pair) or a 
KOH/NaOH buffer solutions, in particular KOH/NaOH buffer solution at pH = 13 (furan/maleic 
anhydride pair). 
 
 VI.2. Polarization-modulation infrared reflection-absorption spectroscopy 
In order to identify the characteristic vibration bands of chemical groups present at the surface of the 
functional coatings, PM-IRRAS spectra on functionalized gold wafers were recorded with Bruker 
IFS66/S Fourier transform infrared spectrometer equipped with a PMA 37 polarization modulation 
system and a nitrogen-cooled MCT detector. The infrared beam was first p-polarized with a ZnSe wire 
grid polarizer (Specac) before passing through a photoelastic modulator (PEM-90, Hinds Instruments). 
A lock-in amplifier (Stanford model SR-830) was used to obtain the PM-IRRAS spectra. The half-
wave retardation frequency was set at 4000 cm
-1
. A total of 200 scans at a resolution of 4 cm
-1
 were 
collected for each measurement at an angle of incidence of 80° with respect to the normal to the 
sample surface. 
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 VI.3. X-ray photoelectron spectroscopy 
XPS is a quantitative spectroscopic technique measuring the chemical composition of the outermost 
layer of a material. In this study, XPS was performed with a VG SCIENTA SES-2002 spectrometer 
equipped with a concentric hemispherical analyzer. The incident radiation used was generated by a 
monochromatic Al Kα X-ray source (1486.6 eV) operating at 420 W (14 kV, 30 mA). Photo-emitted 
electrons were collected at a take-off angle of 90° from the surface substrate, with electron detection in 
the constant analyser energy mode (FAT). Wide scan spectrum (survey) signals were recorded with a 
pass energy of 500 eV and for high resolution spectra (C1s, O1s and N1s) pass energy was set to 
100 eV. The analyzed surface area was approximately 24 mm
2
 and the base pressure in the analysis 
chamber during experimentation was about 10
-9
 mbar. The spectrometer energy scale was calibrated 
using the Ag 3d5/2, Au 4f7/2 and Cu 2p3/2 core level peaks, set respectively at binding energies of 368.2, 
84.0 and 932.6 eV. Spectra were subjected to a Shirley baseline and peak fitting was made with mixed 
Gaussian-Lorentzian components with equal full-width-at-half-maximum (FWHM) using CasaXPS 
version 2.3.18 software. The surface composition expressed in atom% was determined using 
integrated peak areas of each components and taking into account thr transmission factor of the 
spectrometer, mean free path (around 30 Ǻ) and Scofield sensitivity factors of each atom (C1s: 1.00, 
O1s: 2.93, N1s: 1.80). All the binding energies were referenced to C1s (CHx) peak at 285.0 eV and 
given with a precision of 0.1 eV. 
 
 VI.4. Atomic force microscopy 
AFM was used to (i) verify the homogeneity, (ii) determine the thickness, (iii) monitor swelling 
properties of the polymer thin films and (iv) measure adhesion strengths. For the first two purposes, 
the topography (i) and the height profile (ii) via a scratch, deliberately made with a needle on the 
functionalized surfaces (deposited on silicon wafers) were measured with a scanning probe 
microscope (Nanosurf). The study was realized in air at room temperature in tapping mode (free 
amplitude = 500 mV, free vibration frequency = 179 kHz). Silicon cantilevers (spring constant: 13-77 
N.m
-1
) with a silicon tip ACT-50 were used for the measurements.  
The swelling properties (iii) of the polymer thin films (deposited on silicon wafers) were investigated 
by AFM measurements in deionized water using a FlexAFM scanning probe microscope (Nanosurf), 
running with a Nanosurf C3000 controller (Nanosurf) and equipped with a liquid cell. Silicon 
cantilevers with a silicon tip coated with gold (HYDRA-ALL-G-10) were used for the measurements 
in the contact mode with a peak force frequency of 1 kHz. The spring constant of the cantilever was 
0.292 N.m
-1
. The swelling properties of the films were quantified by monitoring the evolution in real 
time at room temperature of the thickness of the polymer coating via a scratch, deliberately made with 
a needle on the coated substrates. 
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Data processing and calculation of the topography and the thickness of the coating were performed on 
2 µm x 2 µm images by using WSxM 5.0 software (WSxM Solutions). 
The adhesion strength (iv) between a functionalized substrate and a maleimide-functionalized AFM tip 
was measured with a scanning probe microscope equipped with temperature modulator (Nanosurf). 
These AFM measurements were carried out by the Peak Force Quantitative Nanomechanical Mapping 
(PF-QNM, Bruker) method. PF-QNM is a contact AFM mode, based on the force-volume method. In 
this method, the loading and unloading force-distance curves are collected (by nanoindentation of the 
sample in a point-by-point mode) at a frequency of 2 kHz at each position within the mapped area of 
the specimen. In parallel to topography images, tip-to-surface adhesion was obtained on 2 µm x 2 µm 
images. The adhesion strength for each surface was then plotted and fitted with a modified exponential 
Gaussian law; the reported adhesion thus corresponds to the center of the distributions whereas the 
errors correspond to their widths. All the experiments were carried out in air at different temperatures 
(after 10 mins of temperature stabilization) with silicon cantilevers with a silicon tip (ACT-50) with a 
spring constant of 42 N.m
-1
 and resonance frequency of 290 kHz. To get relevant results, the cantilever 
and the tip geometry are taking into account in the PF-QNM measurements. Thus, a calibration 
procedure was first followed. Thanks to the Sader method (using the length, the width, the resonance 
frequency and the quality factor of the cantilever) the actual spring constant was determined and found 
to be around 30 N.m
-1
. Then, the deflection sensitivity (around 55 nm.V
-1
) was measured on a sapphire 
surface. Tip radius was calibrated against a polystyrene standard provided by Bruker. For all 
experiments, samples were previously fixed on a sample holder with a double-sided tape. 
 
 VI.5. Quartz crystal microbalance with dissipation monitoring 
Quartz crystal microbalance with dissipation monitoring (QCM-D, Q-Sense, Goteborg, Sweden) was 
used at various temperatures to quantify the feasibility of DA reaction between functionalized gold-
coated quartz substrates (LOT Quantum Design) and maleic anhydride (MA) in water. QCM-D 
consists in measuring the changes in the resonance frequency ΔF of a quartz crystal when a reactant is 
adsorbed or immobilized on its surface. The piezoelectric crystal coated on its two faces with gold 
electrodes was excited at its fundamental frequency (about 5 MHz) and observation took place at the 
third (n = 3), fifth (n = 5) and seventh (n = 7) overtones. The solutions (MA solution or deionized 
water) were injected into the measurement cell (internal volume of 100 µL) at a flow rate of 
50 µL.min
-1
, using a peristaltic pump (Figure 2. 4). 
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Figure 2. 4: QCM-D system. 
 
 VI.6. Proton nuclear magnetic resonance spectroscopy 
1
H-NMR and 13C-NMR spectroscopy are well-known techniques to obtain structural information 
about molecules by observing local magnetic fields around the nuclei. 
1
H-NMR and 
13
C-NMR spectra were recorded on Bruker Advance DPX400 (400 MHz) spectrometer. 
The NMR chemical shifts were reported as the d scale in ppm relative to tetramethylsilane (DMSO-
d6) or tert-butanol (1.24 ppm) in D2O. The terms m, s, d, t, q, dd and br represent multiplet, singlet, 
doublet, triplet, quadruplet, doublet of doublet and broad respectively. Coupling constants (J) are 
given in Hertz (Hz). 
 
 VI.7. Peeling test 
After the assembly of the substrates coated with diene and dienophile groups, peeling tests were 
performed on an Instron dynamometer. To investigate the adhesion strength due to the DA reaction, 
peeling tests were carried out at room temperature at 90° at a constant peeling rate of 10 mm.min
-1
 
(Figure 2. 5). 
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Peeling system
Dienophile-functionalized 
PDMS
 
Figure 2. 5: System for peeling tests at 90°. 
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The kinetics of the retro-DA reaction was also examined at different temperatures by peeling tests at 
180° performed in a heating chamber (‘in situ retro-DA reaction’). In this context, furan- and 
maleimide-functionalized surfaces were first bounded together at 303 K during 20 hrs. The assembly 
was then placed inside the dynamometer (equipped with the heating system) and the assembly was set 
to the desired temperature (Figure 2. 6). The adhesion strength (AS) was then measured after different 
times at a speed rate of 20 mm.min
-1
. 
Heating chamber
Diene-functionalized 
rigid substrate
Peeling system
Dienophile-functionalized 
PDMS
 
Figure 2. 6: System for peeling tests at 180° between a furan-functionalized silicon wafer and maleimide-
functionalized PDMS. 
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Chapter 3 
Feasibility of reversible interfacial Diels-Alder reaction on plasma polymer 
thin films (furan/maleic anhydride pair) 
 
I. Introduction 
As mentioned in the first chapter, Diels-Alder (DA) reaction has been thoroughly studied in solution
 
or 
in bulk materials[1], [2] but less on surfaces. The engineering of surfaces that react via this 
thermoreversible cycloaddition are often based on the use of self-assembled monolayers[3] or silane 
assemblies[4] bearing diene or dienophile groups. These surface functionalization techniques are 
limited to some natures of substrate and require the use of solvent, which may be incompatible with 
substrates such as polymers for instance. Alternatively to wet chemical processes, chemical vapor 
deposition (CVD) of functional coatings have been rarely performed to provide the required chemical 
groups (diene or dienophile) onto the surface of a material. Initiated chemical vapor deposition has 
been performed to fabricate furan-functionalized thin films under mild conditions. The good retention 
of chemical functions from furfuryl methacrylate monomer enabled subsequent direct DA reaction 
with 4-phenyl-1,2,3-triazolin-3,5-dione[5] but no further investigation, especially about the 
reversibility of this interfacial DA reaction, has been reported. Among CVD processes, Plasma-
Enhanced CVD (PECVD), also named plasma polymerization, has also been reported for the design of 
coatings capable of interfacial Diels-Alder reaction. Compared to initiated chemical vapor deposition, 
this CVD process favors a durable anchoring of the functional polymer coating on the surface of the 
substrate since plasma gas strongly interacts with the substrate simultaneously to the polymer film 
growth. Pulsed plasma polymerization of furfuryl methacrylate has been performed to fabricate DA 
reactive coatings. Subsequent exposure of maleic anhydride to the coating successfully led to direct 
cycloaddition but the reactivity of such coatings was limited by the fact that the reactive functional 
groups, namely furan groups, could be altered during the polymer deposition due to the presence of 
energetic plasma species.[6] In contrary with the two former manuscripts, Roucoules et al. reported an 
original study where the plasma polymer itself doesn’t contain DA reactive groups but plasma 
polymer serves for anchoring of dienes and dienophiles onto the surface.[7] Plasma polymerization of 
maleic anhydride and subsequent aminolysis reaction of allylamine yielded surfaces with terminal 
alkene groups. A later exposure to cyclopentadiene entailed DA reaction but the reversibility of the 
chemistry was not addressed. Our group[8] and Choquet et al.[9] continued to work on this strategy 
and managed to evidence the reversibility of the interfacial DA reaction between a terminal alkene and 
cyclopentadiene or a furan-derivative, respectively. However, the cycloreversion occurred at high 
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temperature, more than 473 K, which degraded surface chemistry and limited the reversibility of the 
reaction to three to five cycles.  
In this context, we have decided to develop a new chemical system that could be deposited on the 
surface of any material using plasma polymerization (followed by a post-modification step) and that is 
reversibly reactive at much lower temperatures. We have thus investigated the feasibility of the 
reversible interfacial Diels-Alder reaction between furan-functionalized surfaces (diene) and maleic 
anhydride (dienophile) in water. Indeed, the DA reaction is known to be faster in water than in organic 
solvants, because of the formation of hydrogen bonds and the confinement of the reactants. Moreover, 
the DA reaction between this diene and dienophile is supposed to occur at moderate temperature, 
which could be an advantage to limit the degradation of the surface chemistry when the reversibility of 
the reaction is under question and which is also compatible with a study performed in aqueous 
medium. 
After briefly describing the fabrication process to obtain furan-functionalized surfaces and showing 
the feasibility of the DA reaction, the reversibility of this reaction on various substrates has been 
investigated. 
 
II.  Proof of concept for interfacial Diels-Alder reaction on furan-functionalized plasma 
polymers with maleic anhydride 
 II.1. Plasma-assisted fabrication and chemical composition of furan-functionalized 
polymer thin films 
Pulsed plasma polymerization of maleic anhydride was performed in a home-made reactor (described 
in the experimental section) at a power of 10 W and a duty cycle (DC) equal to 2 % (ton = 25 µs; 
toff = 1200 µs). As illustrated by atomic force microscopy (AFM) in Figure 3. 1, a smooth plasma 
polymer of poly(maleic anhydride) (MAPP 2 %) having a thickness of 50 ± 3 nm was obtained. 
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Figure 3. 1: (a) AFM image showing the topography of a MAPP 2 % sample (5 µm ₓ 5 µm image) and (b) the 
associated height profile close to scratch performed in the plasma polymer (15 µm ₓ 15 µm image). 
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  II.1.1. X-ray photoelectron spectroscopy 
The chemical composition of the plasma polymer was characterized by X-ray photoelectron 
spectroscopy (XPS) measurements. 
In Figure 3. 2.b, the C1s envelope was peak fitted and the following characteristic cyclic anhydride 
bonds were identified: 285.7 eV (carbon simply bonded to an anhydride group; C-C(O)-O) and 
289.4 eV (anhydride groups; O=C-O-C=O). The retention rate of the plasma polymer in anhydride 
groups within the plasma polymer, R, was calculated dividing the area of the characteristic peaks of 
anhydride groups by the total area of the C1s peak (R = 54 %), which is an optimized retention rate 
obtained in this reactor.[10] 
Then, the MAPP 2 % was post-modified by aminolysis with furfurylamine for 5 mins performed in 
vapor phase, followed by a heat treatment. This furan-functionalized substrate was called FUR 2 %5 
(the nomenclature of the sample corresponds to the abbreviation of the functional group present at the 
surface, the DC used during pulsed plasma polymerization and the aminolysis reaction time). This 
post-modification step was confirmed by high resolution XPS of C1s (Figure 3. 2.c) thanks to the 
appearance of a bond at 288.4 eV (carbon from imide groups; O=C-N-C=O). It can be noticed that 
some anhydride groups are still present within the furan-functionalized polymer. The XPS results of 
these two steps agree with the literature [10], [11]  
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Figure 3. 2: (a) Schematic illustration of the different functionalization steps and high resolution XPS spectra of C1s 
of the surfaces: (b) after the deposition of the MAPP 2 % and (c) vapor-aminolysis with furfurylamine (at 293 K for 
5 mins) and thermal imidization (at 393 K for 1 hr). 
 
XPS characterizations were confirmed by advancing contact angle (ACA) measurements at pH = 13 
(Figure 3. 3) and polarization-modulation infrared reflection-absorption spectroscopy (PM-IRRAS) 
analyses (Figure 3. 4).  
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  II.1.2. Advancing contact angle measurements 
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Figure 3. 3: Evolution of the advancing contact angle of MAPP 2 % surface before (MAPP 2 %) and after 
(FUR 2 %5) aminolysis reaction and thermal imidization with respect to the pH of the probe liquid. 
 
In Figure 3. 3, the presence or not of anhydride groups on the outermost surface of the functional 
polymer coatings leads to a significant change of ACA values with an aqueous solution at pH = 13. 
The poly(maleic anhydride) has an ACA of 22° ± 1° (MAPP 2 %) due to the formation of hydrophilic 
carboxylate groups at high pH, whereas the furan-functionalized plasma polymer (FUR 2 %5) has an 
ACA of 67° ± 2°. It is also interesting to notice that this ACA difference is not so high with aqueous 
solutions at lower pH since the hydrolysis of poly(maleic anhydride) forms multiple carboxylic acid 
groups, which remains protonated below a certain pH value and which are less hydrophilic than 
carboxylates. 
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  II.1.3. Polarization-modulation infrared reflection-absorption spectroscopy 
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Figure 3. 4: PM-IRRAS spectra after the different functionalization steps: after the deposition of the MAPP 2 % and 
after aminolysis and thermal imidization (FUR 2 %5). 
 
In PM-IRRAS spectra (Figure 3. 4), the following characteristic vibrations bands of cyclic anhydride 
were identified for MAPP 2 %: asymmetric vibration of C=O (1867 cm
−1
, A), symmetrical vibration 
of C=O (1797 cm
−1
, B), cyclic anhydride groups (1242 cm
−1
, G), C-O-C stretching vibration (1097-
1062 cm
−1
, I) and elongation of the cyclic unconjugated anhydride groups (950 cm
−1
, J). The 
hydrolysis of anhydride groups is limited as illustrated by the low absorbance of the COOH elongation 
band (1720 cm
−1
, D). The aminolysis of MAPP 2 % with furfurylamine and subsequent heat treatment 
(FUR 2 %5) gave rise to the formation of imide groups characterized by asymmetric vibration of 
imide C=O (1742 cm
−1
, C), symmetric vibration of imide C=O (1670 cm
−1
, E), C-N elongation 
(1430 cm
−1
, F) and C-N-C elongation (1240-1160 cm
−1
, H). The absorbance of the characteristic 
vibration bands of furan groups such as C=C stretching (1500-1560 cm
−1
) and C-O-C elongation 
(1013 cm
−1
) is too low to be observable. These results are in good agreement with previously 
published data.[7], [11]–[13]  
 
 II.2. Plasma-assisted fabrication and chemical composition of alkene-functionalized 
polymer thin films 
In order to have a reference sample for further experiments about interfacial DA reaction, alkene-
functionalized surfaces, called ALLY 2 %5, were prepared with the same operating conditions as 
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those used for the fabrication of FUR 2 %5 except that furfurylamine was replaced by allylamine 
during the aminolysis step. These reference surfaces were characterized by XPS (Figure 3. 5), ACA 
measurements (Figure 3. 6) and PM-IRRAS (Figure 3. 7). 
 
  II.2.1. X-ray photoelectron spectroscopy 
The post-modification of MAPP 2 % with allylamine, leading to the formation of ALLY 2 %5, was 
confirmed by high resolution XPS of C1s (Figure 3. 5.c) thanks to the appearance of imide groups at 
288.4 eV (O=C-N-C=O) and the slight increase of the relative intensity of the hydrocarbon peak 
(285.0 eV, CHx).[11] 
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Figure 3. 5: (a) Schematic illustration of the different functionalization steps and high resolution XPS spectra of C1s 
of surfaces: (b) after the deposition of the MAPP 2 % and (c) vapor-aminolysis with allylamine (at 293 K for 5 mins) 
and thermal imidization (at 393 K for 1 hr). 
 
  II.2.2. Advancing contact angle measurements 
The successful post-modification step of MAPP 2 % was also evidenced by ACA measurements 
(Figure 3. 6). Indeed, the constant value of the ACA with respect to the pH of the probe liquid for 
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ALLY 2 %5 shows that MAPP 2 % has been modified after the aminolysis reaction. Indeed, vinyl 
groups are not affected by variations of the droplet pH. 
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Figure 3. 6: Variation of the advancing contact angle of MAPP 2 % surface before (MAPP 2 %) and after 
(ALLY 2 %5) aminolysis reaction with allylamine and thermal imidization with respect to the pH of the probe liquid 
 
  II.2.3. Polarization-modulation infrared reflection-absorption spectroscopy 
In Figure 3. 7, aminolysis of MAPP 2 % with allylamine and subsequent heat treatment gave rise to 
the formation of imide and vinylic groups characterized by symetric vibration of imide C=O 
(1670 cm
−1
, D), C=C stretching (1650 cm
-1
, E), C=C elongation (1550 cm
−1
, F), C-N elongation 
(1430 cm
−1
, G) and C-N-C elongation (1240-1160 cm
−1
, I). 
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Figure 3. 7: PM-IRRAS spectra after the different functionalization steps: after the deposition of the MAPP 2 % and 
after aminolysis with allylamine and thermal imidization (ALLY 2 %5). 
 
The presence of dienophile groups on the extreme surface of ALLY 2 %5 should make it inert towards 
the DA reaction with a dienophile. Therefore, this coating was used as a reference, allowing us to 
claim that DA reaction really occurs when the dienophile is identified at the surface of a diene-
functionalized surface and that the dienophile is not only adsorbed on the coating. 
 
 II.3. Feasibility of the Diels-Alder reaction on furan-functionalized polymer thin films 
The furan-functionalized plasma polymer FUR 2 %5 contains diene groups that should be able to react 
by DA reaction with a dienophile. To evidence this reactivity, FUR 2 %5 surfaces were immersed into 
an aqueous solution of maleic anhydride (MA, [MA] = 2.35 x 10
-4
 mol.L
-1
) at 303 K for 5 hrs. The 
inert surface ALLY 2 %5 was also immersed in the MA solution in the same conditions as a reference. 
The formation of the adduct on these surfaces was investigated (Figure 3. 8). 
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Figure 3. 8: Interfacial Diels-Alder reaction between (a) a furan-functionalized surface (diene) and (b) an alkene-
functionalized surface (dienophile) and maleic anhydride (dienophile) in solution. 
 
  II.3.1. Polarization-modulation infrared reflection-absorption spectroscopy 
The PM-IRRAS spectrum of FUR 2 %5 was measured after its immersion in the MA solution.  
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Figure 3. 9: PM-IRRAS spectrum after immersion of FUR 2 %5 in an MA aqueous solution (at 303 K for 5 hrs). 
 
In Figure 3. 9, the following characteristic vibrations bands were identified: asymmetric vibration of 
C=O (1867 cm
−1
, A), symmetrical vibration of C=O (1797 cm
−1
, B), asymmetric vibration of imide 
C=O (1742 cm
−1
, C), COOH elongation band (1720 cm
−1
, D), symmetric vibration of imide C=O 
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(1670 cm
−1
, E), C-N elongation (1430 cm
−1
, F), C-N-C elongation (1240-1160 cm
−1
, G) and C-O-C 
elongation band (1097-1062 cm
−1
, H). 
Both the formation of the adduct and the presence of anhydride groups embedded within the plasma 
polymer, that did not react by aminolysis, led to a strong vibration band close to 1720 cm
−1
 (COOH 
elongation) after hydrolysis of anhydride groups. This vibration band overlaps other relevant vibration 
bands. Therefore, the presence of the DA adduct on the surface could not be validated by PM-IRRAS. 
 
  II.3.2. Contact angle measurements at different pH 
Since the advancement of the DA reaction between FUR 2 %5 and MA couldn’t be investigated by 
PM-IRRAS, alternatively, ACA measurements were performed to verify the feasibility of the DA 
reaction. Indeed, if the DA reaction successfully occurs between FUR 2 %5 and MA, the adduct 
should contain carboxylic acids, able to form carboxylates at high pH, on the extreme surface (Figure 
3. 10). So, the feasibility of the DA reaction could be verified by investigating the decrease of the 
ACA values with the pH. 
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Figure 3. 10: Evolution of the advancing contact angle of a (a) FUR 2 %5 or (b) ALLY 2 %5 before (FUR 2 %5 and 
ALLY 2 %5, respectively) and after (Adduct and Immersed, respectively) immersion in a MA solution 
([MA] = 2.35 x 10-4 mol.L-1, 303 K for 5 hrs) with respect to the pH of the probe liquid. 
 
In Figure 3. 10, the presence of the DA adduct on the outermost surface led to a significant change of 
ACA values at pH = 13 after immersion of FUR 2 %5 in the MA solution. Indeed, the furan-
functionalized plasma polymer FUR 2 %5 has an ACA of 67° ± 2° whereas, an ACA of 42° ± 2° 
characterizes the presence of the adduct on the surface, due to the formation of hydrophilic 
carboxylate groups at high pH. The constant value after immersion of ALLY 2 %5 (dienophile) in the 
dienophile solution indicated the absence of the DA adduct on this surface. It also confirms that MA 
adsorption can be neglected on these measured surfaces. 
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After proving the feasibility of the DA reaction at 303 K, the immersion of FUR 2 %5 surfaces in MA 
solution ([MA] = 2.35 x 10
-4
 mol.L
-1
 for 5 hrs) was realized at different temperatures and the 
conversion of the interfacial DA reaction was calculated (Table 3. 1). The residual furan content on the 
surface can be estimated from ACA measurements by using the Cassie equation (Equation 1).[14] 
cos θa = χ
diene
cos θdiene + χadduct cos θadduct        (1) 
with χdiene and χadduct corresponding respectively to the surface density of the residual furan functions 
and of the DA adduct groups, ϴa being the experimental ACA and ϴdiene and ϴadduct being the ACA 
measured respectively before the DA reaction on FUR 2 %5, saturated with furan functions and on the 
surface fully saturated with the DA adduct.  
Moreover, χdiene + χadduct = 1, then the Cassie equation leads to the determination of the DA conversion, 
χdiene at any temperature (Equation 2). 
χ
diene
=
cos θa − cos θadduct
cos θdiene − cos θadduct
 
        (2) 
 
Table 3. 1: Conversion of the interfacial DA reaction between FUR 2 %5 and an aqueous solution of MA 
([MA] = 2.35 x 10-4 mol.L-1) after 5 hours, characterized by ACA at pH = 13. 
T (K) 293 298 303 323 
Conversion (%) 24 ± 2 64 ± 3 77 ± 2 100 ± 1 
 
These ACA results show that the elaborated furan-functionalized surfaces are reactive via a DA 
reaction with MA in water at moderate temperature. It is interesting to notice that the DA reaction 
between this diene/dienophile pair is successful at relatively low temperature, compared with previous 
studies performed at the interface of plasma polymers with other diene/dienophile pairs.[7], [8] XPS 
spectra were then recorded to try to confirm this trend. 
 
  II.3.3. X-ray photoelectron spectroscopy 
Contrary to ALLY 2 %5 (Figure 3. 11), by comparing the high resolution XPS spectra of C1s before 
and after immersion of FUR 2 %5 in MA solution (Figure 3. 12), a significant increase of the area of 
the peak at 289.4 eV, assigned to anhydride groups (O=C-O-C=O) and carboxylic acid (C(O)-OH) 
indicates the presence of the DA adduct onto the surface. 
These results validate the feasibility to perform DA reaction at moderate temperature in water between 
furan-functionalized surfaces and MA, in accordance with the results obtained by ACA measurements. 
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Figure 3. 11: (a) Schematic illustration of the tested DA reaction on ALLY 2 %5 and high resolution XPS spectra of 
C1s of the surfaces: (b) before and (c) after immersion in an MA aqueous solution (303 K for 5 hrs). 
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Figure 3. 12: (a) Schematic illustration of the tested DA reaction on FUR 2 %5 and high resolution XPS spectra of C1s 
of the surfaces: (b) before and (c) after immersion in an MA aqueous solution (303 K for 5 hrs). 
 
This surface characterization technique also enables to estimate the DA conversion by applying the 
following equation: 
𝐷𝐴 =
 𝑂 𝑪𝑂𝑪(𝑂)𝑐 −  𝑂 𝑪𝑂𝑪(𝑂)𝑏
 𝑂 𝑪𝑁𝑪(𝑂)𝑐
 
        (3) 
with (O)COC(O)c the area of the anhydride peak after DA reaction (Figure 3. 12.c); (O)COC(O)b the 
area of the anhydride peak inside the plasma polymer, that didn’t reacted by aminolysis reaction 
(Figure 3. 12.b) and (O)CNC(O)c the area of the imide peak after DA reaction (Figure 3. 12.c). 
 
To confirm the conversion results obtained by ACA measurements, FUR 2 %5 surfaces were 
immersed in MA solution ([MA] = 2.35 x 10
-4
 mol.L
-1
 for 5 hrs) at various temperatures and calculate 
the conversion of the interfacial DA reaction was estimated (Table 3. 2). 
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Table 3. 2: Conversion of the interfacial DA reaction between FUR 2 %5 and an aqueous solution of MA 
([MA] = 2.35 x 10-4 mol.L-1) after 5 hrs, characterized by high resolution XPS. 
T (K) 293 298 303 323 
Conversion (%) 15 ± 2 50 ± 5 56 ± 6 70 ± 7 
 
By comparing the results obtained in Table 3. 1 and Table 3. 2, we can deduce that the DA reaction is 
successful on furan-functionalized plasma polymers and that the results obtained by ACA 
measurements and XPS spectroscopy are in relative good adequation (similar conversions). It can 
however be noticed that XPS analyzes probe a thicker layer of the surface compared to ACA 
measurements. This difference of analysis depth can explain the slightly lower conversions observed 
in XPS compared to ACA. Since ACA measurements are much less time-consuming than XPS 
measurements, it has been decided to favor the use of ACA measurements to calculate the 
cycloaddition conversion thereafter instead of XPS measurements. 
 
  II.3.4. Quartz crystal microbalance with dissipation monitoring 
To try to have an online measurement of the DA conversion, the feasibility of the DA reaction 
between FUR 2 %5 and MA in water has finally been studied by quartz crystal microbalance with 
dissipation monitoring (QCM-D). The functionalization of the piezoelectric quartz crystals, based on 
plasma polymerization, was carried out as previously described to obtain the surfaces MAPP 2 %, 
FUR 2 %5 and ALLY 2 %5. 
 
The bare gold-crystal, MAPP 2 %, FUR 2 %5 and ALLY 2 %5-functionalized crytals were placed in 
the QCM-D cell. After stabilization of the baseline, MA solution ([MA] = 2.35 x 10
-4
 mol.L
-1
) was 
injected into the cell maintained at 303 K using a flow rate of 50 µL.min
-1
. The contact of MA solution 
with the crystal starts at point A in Figure 3. 13 and lasts until point B, corresponding to the beginning 
of the rinsing step with deionized water with the same flow rate. The frequency shifts (ΔFn/n with ΔFn 
the vibration frequency and n the overtone number) of the (functionalized) quartz crystal is monitored 
with respect to the time. A decrease of the frequency shift is associated, in a first approximation, to an 
increase of the mass deposited on the quartz.[15], [16] The current study is carried out by monitoring 
the frequency shift of the 3
rd
 harmonic (ΔF3/3) because the fundamental frequency (ΔF1/1) is too 
sensitive to edge effects and external vibrations.  
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Figure 3. 13: Evolution of frequency shift (ΔF3/3) of the QCM crystal with respect to time for (a) the bare crystal, (b) 
MAPP 2 %, (c) FUR 2 %5 and (d) ALLY 2 %5 functionalized crystals. The MA solution ([MA] = 2.35 x 10-4 mol.L-1) 
is injected into the cell at point A and the rinsing step with deionized water starts at B. The injection and rinsing steps 
were done with a flow rate of 50 µL.min-1. 
 
By comparing the different curves in Figure 3. 13, significant differences of the evolution of the 
frequency shifts are observed depending on the different surfaces. First, the bare crystal (Figure 3. 
13.a) shows a reversible frequency shift down to - 84 Hz when MA is introduced. Indeed, the 
frequency shift increases back close to the baseline (- 4 Hz) after the rinsing step. The high change of 
frequency shift at the injection of MA is probably due to the viscosity of MA solution which is 
significantly different from the viscosity of water. A small amount of MA molecules were adsorbed on 
the crystal, due to non-specific adsorption, leading to a small frequency shift of -4 Hz. In comparison, 
MAPP 2 % (Figure 3. 13.b) and ALLY 2 %5 (Figure 3. 13.d) coated surfaces present final frequency 
shifts after the rinsing step of -80 Hz and -25 Hz, respectively. Since these two functionalized surfaces 
are not able to react via DA reaction, the frequency shift may also originate from unspecific adsorption 
coupled to a swelling effect (furtherly verified by AFM). Indeed, MA molecules can interact trough 
hydrogen bonds with hydrolyzed anhydride groups embedded into the polymer films. This effect is 
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even more pronounced in the case of MAPP 2 % which contains more anhydride groups. However, it 
is interesting to notice that the remaining frequency shift after rinsing is only about - 25 Hz for 
ALLY 2 %5. This value will be used as reference for the comparison with FUR 2 %5 since these two 
surfaces are very similar in terms of potential unspecific adsorption of MA. Both surfaces contain 
alkene groups at the outermost surface. Finally concerning FUR 2 %5 functionalized surface, a final 
frequency shift of - 48 Hz is observed after the rinsing step. This value is significantly lower compared 
to ALLY 2 %5, which may originate from the [4 + 2] cycloaddition between furan groups at the 
surface of the sample and MA in solution. Therefore, we can conclude that interfacial DA reaction 
likely occurred on FUR 2 %5. 
 
When the frequency shifts at 3, 5 and 7 overtones are superimposed, Sauerbrey’s equation[17] 
(Equation 4) can be used to determine the deposited mass on the surface:  
Δm = - C ΔFn/n           (4) 
with C being a constant equal to 17.7 ng.Hz
-1
.cm
-2
 for a 5 MHz quartz crystal, n the overtone number 
and ΔFn the vibration frequency. 
Since the frequency shifts at 3, 5 and 7 overtones are superimposed for FUR 2 %5 surface (Figure 3. 
14.a), contrary to ALLY 2 %5 surface (Figure 3. 14.b), the deposited mass for FUR 2 %5 is estimated 
equal to Δm = 850 ng.cm-2. 
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Figure 3. 14: Evolution of the frequency shift with respect to time for (a) FUR 2 %5 and (b) ALLY 2 %5. The 
harmonics presented are (n = 3) the 3rd, (n = 5) the 5th and (n = 7) the 7th. The MA solution ([MA] = 2.35 x 10-4 mol.L-1 
is introduced into the cell at point A and the rinsing step with deionized water starts at point B. 
 
Another way to confirm that a molecule has been immobilized on FUR 2 %5 is the investigation of the 
difference of stiffness of the different thin films. Indeed, the formation of the DA adduct leads to the 
formation of a more rigid film due to the additional mass immobilized on the surface. On the contrary, 
when a molecule is simply adsorbed on the surface, the stiffness change is much lower.[18] By 
plotting the dissipation shift (ΔD3/3) with respect to the absolute value of the frequency shift (ΔF3/3) 
for the 3
rd
 overtone (Figure 3. 15), the slope of the curve gives information about the film’s rigidity 
since it is proportional to the shear modulus of the film.[19] 
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Figure 3. 15: Estimation of the stiffness of the films by QCM-D by plotting the dissipation shift with respect to the 
absolute value of the frequency shift for the 3rd overtone for the different surfaces: bare crystal, MAPP 2 %, 
FUR 2 %5 and ALLY 2 %5. 
 
In Figure 3. 15, the similar slopes obtained for MAPP 2 % and ALLY 2 %5, which were also very 
close compared to the bare crystal, confirm that only adsorption of MA probably occurs on these 
polymer thin films. The formation of the adduct on the surface of FUR 2 %5 is clearly evidenced by 
its higher stiffness (higher slope). 
 
To try to quantify the DA conversion at 293 K, the MA solution was injected on FUR 2 %5 
functionalized surface by cycles of 15 mins contact followed by a rinsing step (until stabilization of 
the frequency shift). 
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Figure 3. 16: Evolution of the frequency shift with respect to time for FUR 2 %5 (at 293 K). The MA solution 
([MA] = 2.35 x 10-4 mol.L-1) is injected at 293 K into the cell at each A point and the rinsing step with deionized water 
starts at each B point. 
 
In Figure 3. 16, the decrease of the frequency shift after each cycle of MA solution injection and 
rinsing step shows that the progress of DA reaction raises after each cycle, ie with the reaction time. 
Thanks to Sauerbrey equation, the mass deposited on FUR 2 %5 could be determined after each cycle 
(Table 3. 3). The calculated masses confirm that the progress of DA reaction increases with the 
reaction time. Besides, we can notice that the deposited mass depends on the temperature. Indeed, Δm 
is close to 500 ng.cm
-2
 at 293 K and to 850 ng.cm
-2
 at 303 K. Further systematic investigations have to 
be performed to reproduce these results. 
 
Table 3. 3: Mass deposited on FUR 2 %5 after several cycles of flow of MA solution and rinsing step (at 293 K). 
Cycle 1 2 3 4 
ΔF3/3 (Hz) 9 ± 2 17 ± 1 27 ± 1 25 ± 4 
Δm (ng.cm-2) 159 ± 20 292 ± 13 478 ± 8 443 ± 75 
 
To conclude, the feasibility of a DA reaction between furan-functionalized surfaces (FUR 2 %5) and 
MA has been confirmed by QCM-D experiments. However, this technique is not convenient to 
investigate the progress of the DA reaction due to additional unspecific adsorption of MA solution on 
the surface requiring long rinsing steps. Consequently, this technique has not been used afterwards. 
ACA measurements have been selected as for the major surface characterization technique and some 
results been occasionally confirmed by XPS characterizations. 
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III. Proof of concept for reversible interfacial DA reaction on plasma polymer coatings 
 III.1. Optimization of the direct DA reaction time 
The previous paragraph leads to the conclusion that FUR 2 %5 surfaces successfully react by direct 
DA reaction with maleic anhydride in solution ([MA] = 2.35 x 10
-4
 mol.L
-1
) at 303 K. The question 
now that should be answered is: Is the retro-DA reaction also possible from these surfaces? To answer, 
this question, a preliminary study has been carried out to optimize the time needed for the 
cycloaddition in these concentration and temperature conditions. So, the reaction progress was 
quantified by ACA measurements at pH = 13 (Figure 3. 17). It comes out that the maximal conversion 
of direct DA reaction is reached after 2 hrs of immersion of FUR 2 %5 surfaces in the MA solution 
under these conditions. This reaction time will thus been chosen thereafter when the direct DA 
reaction is performed (at [MA] = 2.35 x 10
-4
 mol.L
-1
, 303 K). 
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Figure 3. 17: Evolution of the advancing contact angle at pH = 13 with DA reaction time after immersion of 
FUR 2 %5 in a MA aqueous solution ([MA] = 2.35 x 10-4 mol.L-1 at 303 K). 
 
Then, the goal is to investigate the retro-cycloaddition (rDA) reaction: the temperature and reaction 
time and the stability of the chemistry after various DA/rDA cycles. 
 
 III.2. Feasibility of the retro-DA reaction and optimization of the reaction time 
The first step of this study on the reversibility of the DA reaction consists in determining the time 
needed for the retro-DA (rDA) reaction to occur in deionized water at moderate temperature. For this 
purpose, FUR 2 %5 surfaces that had reacted with an MA solution ([MA] = 2.35 x 10
-4
 mol.L
-1
) for 
2 hrs at 303 K were subsequently immersed in deionized water at 353 K. 
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Figure 3. 18: Evolution of the advancing contact angle at pH = 13 (of FUR 2 %5 functionalized with the DA adduct) 
with immersion time in deionized water at 353 K. 
 
In Figure 3. 18, the sudden increase of the ACA value from about 42° to about 64° after 4 hrs of 
reaction shows that the adduct probably disappears from the surface. Indeed, if the adduct is removed 
from the surface, the initial FUR 2 %5 surface is recovered, which has an ACA value of about 67°. 
The plateau value after 4 hrs of rDA indicates that the rDA reaction may be completed after 4 hrs at 
353 K. In the rest of the study, the immersion time in deionized water for the rDA reaction at 353 K is 
fixed at 5 hrs, to be sure that the rDA reaction is complete. 
 
This preliminary study has enabled us first to show that DA and rDA reactions seemed to be possible 
on FUR 2 %5 surfaces and that the following parameters could be used to perform them: 
- DA reaction: [MA] = 2.35 x 10-4 mol.L-1, 303 K for 2 hrs 
- rDA reaction: water, 353 K for 5 hrs. 
 
 III. 3. DA/rDA cycles on various substrates functionalized with FUR 2 %5 
Plasma polymerization has been chosen as surface functionalization technique for this project since 
this vapor-phase process enables to functionalize substrates made of various materials. Therefore, it is 
interesting to investigate the reversibility of the DA reaction after several DA/rDA cycles on different 
substrates: a silicon wafer, a glass slide and a commercial plate of polyamide 6 (PA 6). As mentioned 
before, each cycle consists in: 
- direct DA reaction: [MA] = 2.35 x 10-4 mol.L-1, 303 K for 2 hrs 
- rDA reaction: water, 353 K for 5 hrs. 
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The presence of the DA adduct was verified after each step by measuring the ACA at pH = 13 (Figure 
3. 19). It is important to notice that these DA/rDA cycles have been carried on a single sample for each 
substrate material. 
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Figure 3. 19: Evolution of advancing contact angles at pH = 13 after each DA step and rDA step on different 
functionalized substrates; the number of DA cycle is indicated for each DA and rDA step. 
 
In Figure 3. 19, we can clearly observe that, for all substrates, the ACA is low (around 40°) after 
immersing the FUR 2 %5 surfaces in the MA solution (under the operating conditions of direct DA 
reaction). This low ACA is characteristic of the presence of the adduct on the surface. Besides, after 
heating the adduct-functionalized surfaces (under the operating conditions of rDA reaction), the ACA 
value is high (around 65°). This result suggests that the adduct has been removed from the surface and 
that the surface chemistry is back to the initial furan-functionalized surface. It is also interesting to 
notice that almost no variation in the ACA values can be observed regarding the nature of the 
substrate. This remark supports the objective of this project to develop a surface functionalization 
process that can be applied to a multitude of materials. These first results are a breakthrough for the 
design of smart surfaces with thermoreversible properties since no previous study has reported the 
feasibility of DA/rDA reaction on functional surfaces over 5 cycles without any alteration of the 
reversibility, so without degradation of the surface chemistry. In addition, this study reports the proof 
of concept of reversible interfacial DA reaction at moderate temperatures (direct DA reaction 
performed at 303 K and rDA reaction performed at 353 K) in water. These mild operating conditions 
are of major interest to consider potential applications of this concept. 
 
The excellent reversibility of the DA reaction and the conservation of the surface chemistry even after 
5 DA/rDA cycles were confirmed by high resolution XPS of C1s on functional silicon wafer and PA 6 
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(Figure 3. 20). These substrates (Si wafer and PA 6) have been selected to present the results of the 
evolution of the surface chemistry after the different functionalization steps, since these substrates are 
the most different in term of chemical nature (glass slides are close to Si wafers and gave similar 
results to the latter). 
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Figure 3. 20: (a) Schematic illustration and high resolution XPS spectra of C1s of the different surfaces: (b and e) 
before DA reaction on functional Si wafer and PA6 respectively, (c and f) after the first DA reaction on functional Si 
wafer and PA6 respectively and (d and g) after 5 DA/rDA cycles on functional Si wafer and PA6 respectively. 
 
By comparing the high resolution XPS spectra of C1s of the different surfaces, we can first notice that 
they are very similar at each step whatever the nature of the substrate is. This observation confirms 
that the whole functionalization process can be applied independently to the nature of the substrate. 
Besides, the XPS spectra of FUR 2 %5 (Figure 3. 20.b and Figure 3. 20.e) after immersion in the MA 
solution (Figure 3. 20.c and Figure 3. 20.f), show a significant increase of intensity of the peak at 
289.4 eV, assigned to anhydride groups (O=C-O-C=O) and carboxylic acid (C(O)-OH), compared to 
the spectra of FUR 2 %5, indicating the presence of the DA adduct onto the surface. After 5 DA/rDA 
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cycles, the XPS spectra (Figure 3. 20.d and Figure 3. 20.g) are close to FUR 2 %5, proving that the 
surface chemistry is reversible and that no significant chemical alteration is observed even after 5 
cooling/heating cycles.  
 
To conclude, we have successfully demonstrated the perfect reversibility of the DA reaction between 
furan-functionalized substrates (FUR 2 %5) and MA in solution without any degradation of the 
surface chemistry after at least five DA/rDA cycles for different chemical natures of the substrate. 
 
 III.4. Direct grafting of the DA adduct on FUR 2 %5 and study of the interfacial DA 
reaction on this functional surface. 
A last evidence of the feasibility of this interfacial DA reaction (between furan groups and maleic 
anhydride) consists in the direct grafting of the DA adduct on a functional plasma polymer coating and 
the study of its interfacial reactivity via rDA/DA reactions. For this purpose, a  plasma plolymer thin 
film of poly(maleic anhydride) MAPP 2 % was post-modified by a 5-minute aminolysis with 4-
aminomethyl-3a,4,7a-tetrahydro-4,7-epoxy-2-benzofuran-1,3-dione, corresponding to the previous 
DA-adduct-terminated by an amine group, and a subsequent heat treatment (leading to the formation 
of the more stable imide compound) to form the adduct-functionalized surface Add 2 %5 (Figure 3. 
21). 
 
The adduct-functionalized surface Add 2 %5 is then immersed in deionized water at 353 K for 5 hrs to 
verify that rDA occurs and entails the formation of a furan-functionalized surface, similar to 
FUR 2 %5. Then, a DA/rDA cycle has been performed by immersing the sample in a  
2.35 x 10
-4
 mol.L
-1
 MA solution at 303 K for 2 hrs and finally performing the second rDA reaction by 
immersing the surface in deionized water at 353 K for 5 hrs. 
 
XPS spectra were recorded after the different functionalization and DA/rDA steps to characterize the 
fabrication of the Add 2 %5 surface and its reactivity via reversible DA reaction (Figure 3. 21). 
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Figure 3. 21: (a) Schematic illustration and high resolution XPS spectra of C1s of the different functionalization steps: 
(b) after the deposition of the MAPP 2 %, (c) after vapor-aminolysis with the DA adduct terminated with an amine 
group (at 293 K for 5 mins) and thermal imidization (at 393 K for 1 hr), (d) after immersion in deionized water at 
353 K for 5 hrs (first rDA reaction), (e) after immersion in an MA aqueous solution at 303 K for 5 hrs (DA reaction) 
and (f) after a second immersion in deionized water at 353 K for 5 hrs (second rDA reaction). 
 
In Figure 3. 21.c, the C1s envelope was peak fitted and the following characteristic imide and cyclic 
anhydride bonds were identified: 285.0 eV (hydrocarbon; CHx),  285.7 eV (carbon simply bonded to 
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an anhydride group; C-C(O)), 286.6 eV (C-OR, C-N), 288.2 eV (imide groups; O=C-N-C=O) and 
289.3 eV (anhydride groups; O=C-O-C=O). This spectrum enables to valide the presence of the DA 
adduct at the surface. After heating the Add 2 %5 surface, the removal of the DA adduct and 
particularly of anhydride groups is confirmed by the decrease of the relative intensities of the peaks at 
285.7 eV (carbon simply bonded to an anhydride group; C-C(O)) and at 289.3 eV (anhydride groups; 
O=C-O-C=O) (Figure 3. 21.d). 
After immersion of this surface in a MA solution, the increase of the relative intensities associated to 
anhydride bonds on the XPS spectrum in Figure 3. 21.e shows that the surface chemistry is again 
similar to Add 2 % surface, which proves that DA reaction can occur again on such surface. Finally, a 
second rDA reaction is confirmed because the XPS spectra of Figure 3. 21.d and Figure 3. 21.f are 
really close to each other. 
 
These XPS characterizations have been completed with ACA measurements at pH = 13 performed 
after the different steps (Table 3. 4). 
 
Table 3. 4: Evolution of the ACA values at pH = 13 after the different grafting/rDA1/DA/rDA2 reactions for 
Add 2 %5 surface. 
Analyzed surface ACA value at pH = 13 
Add 2 %5 44° ± 4° 
After rDA 1 62° ± 4° 
After DA 37° ± 2° 
After rDA 2 65° ± 3° 
 
The adequation between the ACA values for Add 2 %5 and the surface after the DA step with the 
ACA value previously obtained after formation of the DA adduct from FUR 2 %5 (close to 40°) 
confirms the successful direct grafting of the adduct on MAPP 2 % (to fabricate Add 2 %5) and the 
presence of the DA adduct after a rDA and DA cycle from Add 2 %5. Besides, the presence of furan 
groups at the outermost surface after both rDA reactions is verified by the adequation between the 
ACA values after the heating steps (rDA 1 and rDA 2) and the ACA value for FUR 2 %5 (around 
67°). 
 
To conclude, the direct grating of the DA adduct on MAPP 2 % was possible and the successful 
rDA1/DA/rDA2 reactions performed on the Add 2 %5 has been validated. These additional 
experiments and characterizations confirm the chemical composition of the DA adduct formed during 
this study between FUR 2 %5 surface and MA in solution as well as its reversible reactivity. 
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IV. Conclusion 
In this chapter, we have investigated the reversible interfacial Diels-Alder (DA) reaction on surfaces 
fabricated by plasma polymerization and subsequent post-modification by vapor-phase aminolysis. 
Surfaces having furan-groups, a common diene used for DA reaction, have thus been obtained and the 
feasibility to perform reversible DA reaction on them with maleic anhydride in solution (dienophile) 
has been successfully evidenced by several characterization techniques. For practical reasons, ACA 
measurements have been selected to investigate this interfacial DA reactivity for further studies. The 
results will be confirmed by occasional XPS spectra. 
 
Moreover, the perfect reversibility of this reaction for 5 DA/rDA cycles, at moderate temperature and 
in water has been shown for the first time. This result could be transferred to many substrates since the 
fabrication process developed in this thesis is based on plasma polymerization, which can be applied 
to many substrate materials (including polymers). Interestingly, the chemical nature of the substrate 
material has been changed without any influence on the feasibility of this interfacial DA reaction. This 
observation paves the way for many potential applications. 
However, the use of this concept requires a deeper understanding of the reactivity of these functional 
surfaces with thermoreversible properties. For instance, what is the kinetics of the DA reaction on 
such surfaces? Is is possible to tune the DA reactivity by changing some properties of this smart 
coating? These fundamental questions will be answered in the following chapter. 
 
V. Bibliography 
[1] J. Canadell, H. Fischer, G. De With, and R. A. T. M. van Benthem, “Stereoisomeric effects in 
thermo-remendable polymer networks based on Diels-Alder crosslink reactions,” J. Polym. Sci. Part 
Polym. Chem., vol. 48, no. 15, pp. 3456–3467, 2010. 
[2] A. Gandini, “The furan/maleimide Diels–Alder reaction: A versatile click–unclick tool in 
macromolecular synthesis,” Prog. Polym. Sci., vol. 38, no. 1, pp. 1–29, 2013. 
[3] B. T. Houseman, J. H. Huh, S. J. Kron, and M. Mrksich, “Peptide chips for the quantitative 
evaluation of protein kinase activity,” Nat. Biotechnol., vol. 20, no. 3, pp. 270-274, 2002. 
[4] L. Nebhani, P. Gerstel, P. Atanasova, M. Bruns, and C. Barner-Kowollik, “Efficient and mild 
modification of Si surfaces via orthogonal hetero Diels-Alder chemistry,” J. Polym. Sci. Part Polym. 
Chem., vol. 47, no. 24, pp. 7090–7095, 2009. 
[5] G. Chen, M. Gupta, K. Chan, and K. K. Gleason, “Initiated Chemical Vapor Deposition of 
Poly(furfuryl methacrylate),” Macromol. Rapid Commun., vol. 28, no. 23, pp. 2205–2209, 2007. 
[6] C. Tarducci, J. P. S. Badyal, S. A. Brewer, and C. Willis, “Diels-Alder chemistry at furan ring 
functionalized solid surfaces,” Chem. Commun., no. 3, pp. 406-408, 2005. 
Chapter 3 - Interfacial Diels-Alder reaction between furan and maleic anhydride 
 
83 
 
[7] V. Roucoules, C. A. Fail, W. C. E. Schofield, D. O. H. Teare, and J. P. S. Badyal, 
“Diels−Alder Chemistry on Alkene Functionalized Films,” Langmuir, vol. 21, no. 4, pp. 1412–1415, 
2005. 
[8] F. Siffer, “La fonctionnalisation de surfaces par polymérisation plasma : une nouvelle stratégie 
d'élaboration de matériaux à pouvoir adhésif réversible”, Université de Haute Alsace, 2006. 
[9] M. Moreno-Couranjou, A. Manakhov, N. D. Boscher, J.-J. Pireaux, and P. Choquet, “A Novel 
Dry Chemical Path Way for Diene and Dienophile Surface Functionalization toward Thermally 
Responsive Metal–Polymer Adhesion,” ACS Appl. Mater. Interfaces, vol. 5, no. 17, pp. 8446–8456, 
2013. 
[10] F. Siffer, A. Ponche, P. Fioux, J. Schultz, and V. Roucoules, “A chemometric investigation of 
the effect of the process parameters during maleic anhydride pulsed plasma polymerization,” Anal. 
Chim. Acta, vol. 539, no. 1–2, pp. 289–299, 2005. 
[11] A. Airoudj, G. Schrodj, M.-F. Vallat, P. Fioux, and V. Roucoules, “Influence of plasma duty 
cycle during plasma polymerization in adhesive bonding,” Int. J. Adhes. Adhes., vol. 31, no. 6, pp. 
498–506, 2011. 
[12] G. Mishra and S. L. McArthur, “Plasma Polymerization of Maleic Anhydride: Just What Are 
the Right Deposition Conditions?,” Langmuir, vol. 26, no. 12, pp. 9645–9658, 2010. 
[13] C. Wang, J. Sun, X. Liu, A. Sudo, and T. Endo, “Synthesis and copolymerization of fully bio-
based benzoxazines from guaiacol, furfurylamine and stearylamine,” Green Chem., vol. 14, no. 10, pp. 
2799–2806, 2012. 
[14] A. B. D. Cassie, “Contact angles,” Discuss. Faraday Soc., vol. 3, pp. 11–16, 1948. 
[15] F. Boulmedais et al., “Polyelectrolyte multilayer films with pegylated polypeptides as a new 
type of anti-microbial protection for biomaterials,” Biomaterials, vol. 25, no. 11, pp. 2003–2011, 
2004. 
[16] C. Picart et al., “Buildup Mechanism for Poly(l-lysine)/Hyaluronic Acid Films onto a Solid 
Surface,” Langmuir, vol. 17, no. 23, pp. 7414–7424, 2001. 
[17] G. Sauerbrey, “Verwendung von Schwingquarzen zur Wägung dünner Schichten und zur 
Mikrowägung,” Z. für Phys., vol. 155, no. 2, pp 206-222, 1959. 
[18] S. M. S. Schönwälder et al., “Interaction of Human Plasma Proteins with Thin Gelatin-Based 
Hydrogel Films: A QCM-D and ToF-SIMS Study,” Biomacromolecules, vol. 15, no. 7, pp. 2398–
2406, 2014. 
[19] M. C. Dixon, “Quartz Crystal Microbalance with Dissipation Monitoring: Enabling Real-Time 
Characterization of Biological Materials and Their Interactions,” J. Biomol. Tech. JBT, vol. 19, no. 3, 
pp. 151–158, 2008. 
 
 84 
 
 
 85 
 
Chapter 4 
Interfacial Diels-Alder kinetics between furan-functionalized surfaces and 
maleic anhydride 
 
I. INTRODUCTION 87 
II. REACTIVITY STUDY OF THE INTERFACIAL DA REACTION 88 
II.1. KINETICS AND THERMODYNAMIC PARAMETERS OF INTERFACIAL DA REACTION 
DETERMINED BY NEGLECTING THE RETRO-DA REACTION 88 
II.2. KINETICS AND THERMODYNAMIC PARAMETERS OF INTERFACIAL DA REACTION 
DETERMINED WITHOUT NEGLECTING THE RETRO-DA REACTION 96 
III. INFLUENCE OF THE PLASMA POLYMER PROPERTIES ON THE INTERFACIAL 
DA REACTIVITY 99 
IV. INFLUENCE OF THE POST-MODIFICATION TIME ON THE REACTION 
REACTIVITY 109 
IV.1. FABRICATION OF COATINGS WITH VARIOUS DIENE CONTENTS 110 
IV.2. STUDY OF THE REACTIVITY OF SURFACES PREPARED WITH A LONGER AMINOLYSIS TIME 113 
V. CONCLUSION 118 
VI. BIBLIOGRAPHY 119 
 
 86 
 
 
Chapter 4 - Interfacial Diels-Alder reactivity between furan and maleic anhydride 
 
87 
 
Chapter 4 
Interfacial Diels-Alder kinetics between furan-functionalized surfaces and 
maleic anhydride 
 
I. Introduction 
The investigation of the DA reactivity of furan groups (diene) with dienophiles has been well-
discussed in the literature when the DA reaction is performed in solution close to room 
temperature.[1], [2] These studies reported on the influence of the diene- and dienophile-substituents 
on the DA reactivity: the diene should have electrodonor substituents and the dienophile should have 
electroattractive substituents to lower the energetic gap between the electronic orbitals of the diene 
(HOMO) and the dienophile (LUMO) and, thus, to decrease the reaction temperature and time. In 
2005, our team carried out a comparative study between the interfacial DA reactivity between 
cyclopentadiene in solution and a terminal aliphatic alkene, on SAMs or on a plasma polymer 
coating.[3] The investigation of the DA reactivity of these surfaces with cyclopentadiene showed that 
the alkene-functionalized plasma polymer thin film was less reactive than the alkene-terminated 
monolayer but that the transition state complex formed during the DA reaction was more ordered on 
plasma polymers. The chemical environment of the reactants thus seems to control their reactivity. In 
this context, this forth chapter mainly focuses on the understanding of the interfacial DA reactivity on 
plasma polymers; that is to say we have decided to investigate thoroughly the reactivity of DA-
reactive coatings regarding the chemical environment of the reactive group immobilized on the 
surface. In other words, is it possible to control or even to tune the interfacial reactivity by tailoring the 
surface properties of the coating? In the present study, furan-functionalized surfaces (diene) and a 
maleic anhydride (MA, dienophile) in water have been chosen as for the chemical system. Indeed, as 
demonstrated in the previous chapter, this reaction is feasible, perfectly reversible without degradation 
of the surface chemistry even after several DA/rDA cycles and easily characterized by advancing 
contact angle measurements (ACA) at pH = 13. 
First, the methodology developed for the investigation of the reaction kinetics and the determination of 
thermodynamic parameters associated to this reaction will be presented and applied on model furan-
functionalized surfaces. Then, the effect of plasma polymer properties on the DA reactivity will be 
investigated. Indeed, regarding the operating conditions of low-pressure (pulsed) plasma 
polymerization, the retention rate of functional groups and the polymer crosslinking rate of the 
polymer coating may change.[4], [5] Steric hindrance and mobility of reactive groups may therefore 
be modified, which may impact the reactivity of these functional surfaces. 
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Finally, we have studied the influence of the post-modification reaction time, during the aminolysis 
step of the surface fabrication process, on the DA reactivity. A post-modification step was actually 
performed in order to graft the diene groups onto the plasma polymer. The operating conditions of this 
functionalization step may modify the density of reactive groups of the plasma polymer film and 
consequently its reactivity. 
 
II. Reactivity study of the interfacial DA reaction 
In this part, the interfacial DA reactivity between furan-functionalized surfaces FUR 2 %5 and MA in 
water has been investigated in order to better characterize the related kinetics and thermodynamic 
parameters of this reaction. 
 
II.1. Kinetics and thermodynamic parameters of interfacial DA reaction determined by 
neglecting the retro-DA reaction 
The progress of the DA reaction between FUR 2 %5 and MA in water was investigated by measuring 
the evolution with the reaction time of ACA at pH = 13 of the surface after its immersion in the 
dienophile (MA) solution for various concentrations of dienophile ranging from 2.35 x 10
-5
 mol.L
-1
 to 
2.35 x 10
-4
 mol.L
-1
 (Figure 4. 1.a) and various reaction temperatures ranging from 293 K to 323 K 
(Figure 4. 1.b).  
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Figure 4. 1: Evolution of ACA values at pH = 13 with immersion time after DA reaction between FUR 2 %5 and MA 
in water (a) at 303 K, at different MA concentrations and (b) at different temperatures, at [MA] = 2.35 x 10-4 mol.L-1. 
 
As observed in Figure 4. 1, the cycloaddition between furan and MA at the interface depends on the 
dienophile concentration and on the temperature of the solution. 
The adduct content but also the residual furan content on the surface can be calculated from the ACA 
measurements by using the Cassie equation (Equation 1). [6] 
 
cos θa = χ
diene
cos θdiene + χadduct cos θadduct        (1) 
with χdiene and χadduct corresponding respectively to the surface density of the residual furan functions 
and of the DA adduct groups, ϴa being the experimental ACA at any time and ϴdiene and ϴadduct being 
the ACA measured respectively before the DA reaction on FUR 2 %5, saturated with furan functions 
(ϴdiene = 67°) and on the surface fully saturated with the DA adduct (ϴadduct = 35°).  
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Moreover, χdiene + χadduct = 1, then the Cassie equation leads to the determination of χdiene at any time 
(Equation 2). 
χ
diene
=
cos θa − cos θadduct
cos θdiene − cos θadduct
 
        (2) 
 
In order to better understand this interfacial DA reaction between furan-functionalized surfaces and 
MA, the rate law of this reaction has first been investigated. By assuming that the reversibility of this 
interfacial DA reaction can be neglected at the temperatures that were tested,[2] the reaction rate v can 
be expressed as follows (Equation 3): 
 
v = kDA[MA]
q
[FUR 2%5]
p
         (3) 
where kDA is the DA reaction rate constant, [MA] and [FUR 2 %5] are respectively the molar 
concentration in dienophile and surface content of diene and q and p represented the partial orders of 
the reaction related to the dienophile and diene respectively.  
 
To determine easily the partial orders, the amount of dienophile (MA) was introduced in large excess 
(in solution) compared to the amount of diene groups (onto the surface) to be allowed to apply the 
isolation method. The rate law can thus be simplified (Equation 4): 
v = k’[FUR 2 %5]p with k’ = kDA[MA]
q
       (4)
 
 
In Figure 4. 2, the ln(χdiene) and 1/χdiene were plotted versus the reaction time for the different 
concentrations and the linearity of the graphs was tested (Table 4. 1). For all concentrations, a linear 
dependance was observed for ln(χdiene) = f(time). This linear behavior indicates that the DA reaction 
can be described by pseudo-first-order kinetics related to the diene, therefore p = 1. 
Chapter 4 - Interfacial Diels-Alder reactivity between furan and maleic anhydride 
 
91 
 
-1,5
-1
-0,5
0
0 1000 2000 3000 4000 5000 6000
ln
(χ
d
ie
n
e
)
Time (s)
2.35 x 10-5 M 4.62 x 10-5 M 1.18 x 10-4 M
1.40 x 10-4 M 2.35 x 10-4 M
-5
-4 -4
-4-5
a
.
.
a)
 
0,6
0,8
1
1,2
1,4
1,6
1,8
2
0 500 1000 1500 2000
1
/χ
d
ie
n
e
Time (s)
2.35 x 10-5 M 4.62 x 10-5 M 1.18 x 10-4 M
1.40 x 10-4 M 2.35 x 10-4 M
-5
-4 -4
-4-5
b
.
.
.
.
.
.
b)
 
Figure 4. 2: Linearization according to (a) pseudo-first-order and (b) pseudo-second-order kinetics related to the 
diene for FUR 2 %5 after DA reaction performed at different MA concentrations at 303 K. 
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Table 4. 1: Comparison of the coefficient of determination (R²) for the pseudo-first-order and the pseudo-second-
order kinetics related to the diene for FUR 2 %5 after DA reaction performed at different MA concentrations at 
303 K. 
[MA] 
(mol.L
-1
) 
R² 
(pseudo-first-order 
related to the diene) 
R² 
(pseudo-second-order 
related to the diene) 
2.35 x 10
-5 
0.94 0.74 
4.62 x 10
-5
 0.88 0.42 
1.18 x 10
-4
 0.92 0.81 
1.40 x 10
-4
 0.96 0.89 
2.35 x 10
-4
 0.95 0.82 
 
Moreover, the slopes of the curves ln(χdiene) = f(time) directly give the values of the observed rate 
constants k’ (equal to kDA[MA]
q
) for the different concentrations that were tested. Additionally to the 
determination of the value of kDA at 303 K, the linearization of the curve ln(k’) = f(ln[MA]) (Figure 4. 
3) demonstrates that the DA reaction can be described by pseudo-second-order kinetics related to the 
dienophile since the slope of this curve is close to 2, therefore q = 2. 
Consequently, the rate law of the DA reaction between furan-functionalized surfaces FUR 2 %5 and 
MA can be written as follows (Equation 5) 
v = kDA[MA]²[FUR 2 %5]          (5) 
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Figure 4. 3: Determination of the partial order related to the dienophile (q) for the DA reaction between FUR 2 %5 
and MA by linearization of the curve ln(k’) = f(ln[MA]). The equation of the fitting curve is ln(k’) = 1.9 ln([MA]) + 7.9 
(R² = 0.95). 
 
The partial order related to the dienophile (MA), equal to 2, is quite surprising compared to other 
kinetics studies, especially those performed in solution.[2] However, a pseudo-second-order kinetics 
related to the diene or dienophile on surfaces has already been previously observed in the literature 
with another diene/dienophile pair.[3] Two molecules of maleic anhydride, here in solution, seem to 
be required to interact with one furan group in order to form the transition-state complex. This 
cooperative effect may favor the coplanar conformation of the transition-state complex involved in this 
concerted mechanism. 
 
Then, the results of the experiments conducted at various temperatures have enabled the determination 
of DA rate constants, kDA, at different temperatures (Table 4. 2). 
 
Table 4. 2: Values of Diels-Alder rate constants, kDA, determined at different temperatures. 
T (K) 293 298 303 308 313 323 
kDA x 10
-4
 (M
-2
.s
-1
) 5.8 9.9 22 29 35 65 
 
It can be noticed that the values of kDA increase with the reaction temperature and that they obey the 
Arrhenius equation (Equation 6), as illustrated in Figure 4. 4: 
kDA = Ae
-Ea/RT
          (6) 
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with A the pre-exponential factor related to the frequency of collisions, Ea the activation energy, T the 
absolute temperature and R the universal gas constant. 
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Figure 4. 4: Linearization of the Arrhenius equation representing the evolution of ln(kDA) with 1/T. The equation of 
the fitting curve is ln(kDA) = -7557 / T + 36.9 (R² = 0.95). 
 
The slope of the linearization plot of the Arrhenius equation gives an estimation of the activation 
energy of this interfacial DA reaction, here Ea = 63 ± 4 kJ.mol
-1
, which is the same order of magnitude 
as another interfacial DA reaction performed on plasma polymer and reported in the literature.[3] 
 
In addition to the determination of the macroscopic activation energy based on collision theory, the 
values of the rate constant at different temperatures can provide information about the system during 
the reaction by applying transition-state theory. According to the Eyring equation,[7] the DA rate 
constant, kDA, can be calculated as written in Equation 7: 
 
𝑘𝐷𝐴 = 𝜅
𝑘𝐵𝑇
ℎ
𝑒
𝛥𝑆≠
𝑅 𝑒
−∆𝐻≠
𝑅𝑇  
          (7) 
with κ the transmission coefficient that can be considered to be equal to 1, R, kB and h respectively the 
ideal gas, Boltzmann and Planck constants, T the absolute temperature and ΔH≠ and ΔS≠ respectively 
the enthalpy and entropy of activation related to the formation of the transition-state complex. 
By linearization of the Equation 7, Equation 8 is obtained: 
𝑙𝑛  
𝑘𝐷𝐴
𝑇
 = 𝑙𝑛  κ
𝑘𝐵
ℎ
 +
∆𝑆≠
𝑅
−
∆𝐻≠
𝑅𝑇
  
        (8) 
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Plotting ln(kDA/T) = f(1/T) (Figure 4. 5) enables the calculation of thermodynamic parameters of the 
DA reaction between FUR 2 %5 surfaces and MA: the activation enthalpy of this interfacial DA 
reaction corresponds to ΔH≠ = 60 ± 8 kJ.mol-1 and the activation entropy ΔS≠ = 0.05 ± 0.02 kJ.mol-1.K-
1
. Indeed, the slope of this curve is equal to -ΔH≠/R and the intercept leads to the determination of ΔS≠. 
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Figure 4. 5: Determination of the enthalpy and entropy of activation by linearization of Eyring equation. The equation 
of the fitting curve is ln(kDA/T) = -7242 / T + 30.2 (R² = 0.95). 
 
ΔH≠ represents the energy needed by the system to form the transition-state complex and ΔS≠ reflects 
the order brought by the formation of the activated complex. The positive value of ΔH≠ evidences that 
the reaction is endothermic. The value of ΔS≠ is very close to 0, which shows that almost no change of 
order occurs by the formation of the complex. Although the formation of the transition-state complex 
induces a coplanar orientation of the diene and dienophile, it is difficult to comment on a more or less 
ordered system compared to the initial state, at least for the FUR 2 %5 surface. Indeed, the reactive 
groups are embedded within the plasma polymer, which has a poorly-defined crosslinked structure. 
Therefore, the order of the system remains almost unchanged during the formation of the transition-
state complex. The values of activation enthalpy and entropy are in accordance with those reported in 
the literature for other interfacial DA reactions (ΔH≠ ≈ 20 to 70 kJ.mol-1, ΔS≠ ≈ - 0.1 to - 0.5 kJ.mol-
1
.K
-1
).[3], [8] However, we should carefully compare these results because the physico-chemical 
properties (microstructure, crosslinking rate) of the surfaces were different, the solvents used were not 
the same and above all the diene/dienophile pair differed. 
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 II.2. Kinetics and thermodynamic parameters of interfacial DA reaction determined 
without neglecting the retro-DA reaction 
In the previous paragraph, the progress of the retro-DA reaction has been neglected in favor of the 
progress of the DA reaction to simplify the calculations. In this section, we consider the equilibrium of 
this DA reaction in order to determine the rate constants of the direct DA reaction, kDA2, and of the 
retro-cycloaddition, krDA2, by fitting with Matlab the evolution of the reaction progress with time. 
 
For this fitting, the rate law, previously determined, changes as follows (Equation 9): 
𝑣 = −
𝑑 𝐹𝑈𝑅 2 %5 
𝑑𝑡
= 𝑘𝐷𝐴2 𝑀𝐴 
2 𝐹𝑈𝑅 2 %5 − 𝑘𝑟𝐷𝐴2𝑥 
     (9) 
with x = 1-[FUR 2 %5], x and [FUR 2 %5] being the surface content of adduct and furan groups, 
respectively (the surface solely containing furan and adduct groups). 
 
Since MA was in large excess compared to the amount of furan groups on FUR 2 %5 surfaces, it is 
reasonable to write that the concentration of MA remains constant during the reaction which allows us 
to define an observed rate constant k’2 = kDA2[MA]
2
. 
By solving Equation 9, Equation 10, describing the theoretical evolution of the reaction progress with 
time,[9] can be used to fit the experimental data (Figure 4. 6):  
𝑥 𝑡 =
𝑘′2
𝑘′2 + 𝑘𝑟𝐷𝐴2
 1 − 𝑒−(𝑘
′
2+𝑘𝑟𝐷𝐴 2)𝑡  
       (10) 
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Figure 4. 6: Fitting of the reaction progress with time for the interfacial DA reaction between FUR 2 %5 and MA in 
solution with [MA] = 2.35 x 10-4 mol.L-1 at (a) 293 K, (b) 298 K, (c) 303 K, (d) 308 K, (e) 313 K and (f) 323 K. 
 
In that way, the DA rate constants, kDA2, the retro-DA rate constants, krDA2, and the equilibrium 
reaction constants (Equation 11) can be computed at various temperatures and are summarized in 
Table 4. 3. 
K = kDA2 / krDA2           (11) 
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Table 4. 3: Values of kDA2 DA and krDA2 rDA rate constants as well as K = kDA2 / krDA2 at different temperatures 
determined by computing experimental results regarding Equation 10. 
T (K) 293 298 303 308 313 323 
kDA2 x 10
-4
 (M
-2
.s
-1
) 2.6 12 21 21 25 60 
krDA2 (s
-1
) 706 162 17 66 86 216 
K 36 740 12600 3200 2920 2790 
 
By comparing the values of the DA rate constants at different temperature (Table 4. 2 and Table 4. 3), 
it can be noted that kDA and kDA2 are very close to each other for most of the tested temperatures. 
Moreover, the retro-DA rate constants, krDA2, are quite low and the values of the equilibrium reaction 
constant, K, are high in the tested temperature range. These observations lead to the conclusion that 
the retro-cycloaddition can be neglected from 293 K to 323 K. 
 
Then, referring to Eyring equation, by plotting ln(kDA2/T) = f(1/T) (Figure 4. 7), it is possible to 
calculate the activation enthalpy ΔH≠ and entropy ΔS≠ (Table 4. 4). 
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Figure 4. 7: Determination of the activation enthalpy and entropy by linearization of Eyring equation. The equation of 
the fitting curve is ln(kDA/T) = -8125 / T + 32.8 (R² = 0.90). 
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Table 4. 4: Values of thermodynamic parameters of the characterizing the formation of the transition-state complex 
involved during the interfacial DA reaction by neglecting or not the retro-DA reaction. 
 Ea (kJ.mol
-1
) ΔH≠ (kJ.mol-1) ΔS≠ (kJ.mol-1.K-1) ΔG
≠
 
a)
 (kJ.mol
-1
) 
Neglecting rDA reaction 63 ± 4 60 ± 8 0.05 ± 0.02 44 ± 8 
Without neglecting rDA reaction 75 ± 5 68 ± 9 0.07 ± 0.05 46 ± 3 
a) Calculated at 303 K 
 
The values of the thermodynamic parameters characterizing the formation of the transition-state 
complex involved during the interfacial DA reaction by neglecting or not the rDA reaction are really 
close. Therefore, we have decided to ignore the contribution of the retro-DA reaction in the following 
comparative studies (performed in the same temperature range). 
By observing the influence of the temperature on the reaction kinetics, we can suppose that the 
reactivity of this reaction is closely related to the mobility of the diene groups on the surfaces. The 
mobility of the diene groups is governed by their chemical environment, so by the microstructure of 
the polymer thin film. Consequently, by changing the physico-chemical properties of the thin film, we 
should be able to influence the DA reaction reactivity. 
 
III. Influence of the plasma polymer properties on the interfacial DA reactivity 
Since changing the operating conditions of the plasma polymerization change the steric hindrance and 
the mobility of the reactive groups as well as their retention rate,[10], [11] it is interesting to 
investigate the impact of these properties on the DA reactivity. For this purpose, different plasma 
polymers with various crosslinking rates and anhydride contents (but similar thicknesses) were 
fabricated by varying the plasma duty cycle (DC). Poly(maleic anhydride) thin films (MAPP X %, X 
being the plasma DC) were thus synthesized at a DC of 2 %, 20 % and 100 % (continuous plasma). As 
shown in XPS spectra in Figure 4. 8.a-c, the different surfaces had different anhydride retention rates 
(R): R = 54 % for MAPP 2 %, R = 30 % for MAPP 20 % and R = 22 % for MAPP 100 %. These 
results originate from the fact that a higher DC promotes more the fragmentation of the monomer in 
the plasma phase during the polymer growth compared to a lower DC. [5], [10], [12] Since the 
aminolysis with furfurylamine is efficient in 5 mins (as previously illustrated), it can be considered 
that the evolution of the furan content, after performing the post-modification step on these surfaces, is 
similar regarding the plasma DC. Moreover, AFM measurements of the thickness of MAPP X % as a 
function of the immersion time of the polymer thin film in water enable the estimation of the swelling 
rates of these plasma polymers (Figure 4. 8.d-f). Swelling rates varying from 10 % to over 70 % can 
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be achieved by changing the plasma polymerization conditions. Indeed, the swelling rate of a plasma 
polymer is directly related to its crosslinking, which can be tuned by changing the plasma DC. 
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Figure 4. 8: (left) High resolution XPS spectra of C1s and (right) AFM swelling rates determined by AFM 
measurements of MAPP synthesized by pulsed plasma polymerization at a DC of (a, d) 2 %, (b, e) 20 % and (c, f) 
100 %. 
 
Consequently, various furan-functionalized surfaces, FUR X %, have been prepared by changing the 
plasma DC during plasma polymerization of maleic anhydride. As illustrated in Figure 4. 9, surfaces 
with high swelling rate and high retention rate of functional groups were prepared at low plasma DC 
whereas surfaces with high crosslinking rate and few functional groups were obtained by continuous 
plasma polymerization. 
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a) b) c)
DC = 2 % DC = 20 % DC = 100 %
 
Figure 4. 9: Schemes of the different functional surfaces after pulsed plasma polymerization performed at a DC of (a) 
2 %, (b) 20 % and (c) 100 %. The red points represent the functional groups available for interfacial DA reaction and 
the purple lines the polymer chains. 
 
The methodology previously described was applied again to investigate the kinetics and to determine 
the thermodynamic parameters (activation energy, enthalpy of activation and entropy of activation) of 
the interfacial DA reaction between various furan-functionalized surfaces and MA. The reaction 
progress with immersion time was measured at different concentrations and temperatures in order to 
see if the properties of the polymer thin film influence the reactivity of the surfaces regarding DA 
reaction (Figure 4. 10 and Figure 4. 11). 
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Figure 4. 10: Evolution of the ACA at pH = 13 with immersion time after DA reaction between FUR 20 %5 and MA in 
water (a) at 303 K, at different MA concentrations and (b) at different temperatures, at [MA] = 2.35 x 10-4 mol L-1.  
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Figure 4. 11: Evolution of the ACA at pH = 13 with immersion time after DA reaction between FUR 100 %5 and MA 
in water (a) at 303 K, at different MA concentrations and (b) at different temperatures, at [MA] = 2.35 x 10-4 mol L-1. 
  
It is first interesting to observe that the initial values of ACA, Θdiene, differ for the three plasma 
polymer coatings (Figure 4. 2, Figure 4. 10 and Figure 4. 11): for FUR 2 %5 Θdiene 2 % = 65° ± 2°, for 
FUR 20 %5 Θdiene 20 % = 74° ± 1° and for FUR 100 %5 Θdiene 100 % = 77° ± 1°. This result reveals a 
physico-chemical difference between these three coatings, as expected. Indeed, a high DC leads to 
more fragmentation of the precursor and to more overcrosslinking of the deposited polymer due to the 
high density of reactive species present in the plasma phase. Consequently the chemical composition 
of the polymer coating contains more carbon chains and less functional groups, usually leading to a 
more hydrophobic surface. 
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Secondly, we verified that the partial orders related to the reactants were the same for the three 
surfaces, namely a first order for the diene on the surface and a second order for the dienophile in 
solution (Figure 4. 12 and Figure 4. 13), i.e. the rate law can be expressed as follows: 
v = kDA[MA]²[FUR X %5]. 
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Figure 4. 12: Linearization according to pseudo-first-order kinetics of the furan content of (a) FUR 20 %5 and (b) 
FUR 100 %5, after DA reaction at different concentrations at 303 K. 
 
Like for the FUR 2 %5 surfaces, good fitting curves are obtained when the linear dependence of 
ln(χdiene) with time is tested for FUR 20 %5 and FUR 100 %5. This indicates that the DA reaction can 
be described by pseudo-first-order kinetics related to the diene. Besides, by changing the concentration 
of MA solution, we could verify that the DA reaction can be described by pseudo-second-order 
kinetics related to the dienophile for FUR 20 %5 and FUR 100 %5 (similarly to FUR 2 %5). Indeed, 
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the slopes of the fitting curves testing the linearization of ln(k’) = f(ln([MA])) are very close to 2 
(Figure 4. 13). 
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Figure 4. 13: Determination of the partial order related to the dienophile (q) for the DA reaction between (a) FUR 
20 %5 or (b) FUR 100 %5 and MA by linearization of the curve ln(k’) = f(ln[MA]). The equation of the fitting curves 
are (a) ln(k’) = 2.1 ln([MA]) + 10.3 (R² = 0.96) and (b) ln(k’) = 2.2 ln([MA]) + 10.8 (R² = 0.99). 
 
Thirdly, the rate constants kDA were determined at various temperatures for the two additional plasma 
polymer coatings, FUR 20 %5 and FUR 100 %5 (Table 4. 5). 
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Table 4. 5: Values of kDA, DA rate constants, determined at different temperatures for various furan-functionalized 
surfaces fabricated by plasma polymerization performed at a DC of 20 % (FUR 20 %5) and 100 % (FUR 100 %5). 
T (K) 293 298 303 313 323 
FUR 2 %5 
kDA x 10
-4
 (M
-2
.s
-1
) 
5.8 9.9 22 35 65 
FUR 20 %5 
kDA x 10
-4
 (M
-2
.s
-1
) 
0.24 0.33 0.46 0.66 1.2 
FUR 100 %5 
kDA x 10
-4
 (M
-2
.s
-1
) 
0.28 0.38 - 0.64 0.83 
 
Similarly to FUR 2 %5, it can be noticed that the DA rate constant increases with temperature for 
FUR 20 %5 and FUR 100 %5. However the increase with temperature is slower and rate constants are 
lower when the plasma polymer is more crosslinked. This means that little crosslinking favors a faster 
DA reaction, which probably originates in the higher probability of collision with reactive groups that 
are appropriately oriented to undergo the DA reaction. Indeed, the FUR 2 %5 surface has a higher 
density of functional groups and the reactive groups are more flexible, so easier to reach. 
 
Finally, the kDA values lead to the determination of the activation energy of the reaction (Figure 4. 14) 
as well as the enthalpic and entropic contributions of the free activation enthalpy of the transition-state 
complex for the different furan-functionalized surfaces (Figure 4. 15). 
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Figure 4. 14: Linearization of the Arrhenius equation representing the evolution of ln(kDA) with 1/T for (a) FUR 20 
%5 and (b) FUR 100 %5. The equation of the fitting curves are (a) ln(kDA) = -4856 / T + 24.8 (R² = 0.99) and (b) 
ln(kDA) = -3032 / T + 18.3 (R² = 0.96). 
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Figure 4. 15: Determination of the activation enthalpy and entropy by lineratization of Eyring equation for (a) 
FUR 20 %5 and (b) for FUR 100 %5. The equation of the fitting curves are (a) ln(kDA/T) = -4548 / T + 17.6 (R² = 0.99) 
and (b) ln(kDA/T) = -2733 / T + 11.6 (R² = 0.96). 
 
So, the activation energy of the reaction performed on the three surfaces differs from 25 kJ.mol
-1
 to 
63 kJ.mol
-1
 for FUR 100 %5 and FUR 2 %5 respectively. As illustrated in Figure 4. 9, the functional 
groups are few mobile due to the high crosslinking rate for the FUR 100 %5 surface. Molecular 
vibrations are thus hindered by crosslinking. Additionally, the accessible functional groups are those 
located at the outermost surface. The DA reaction with these functional groups thus doesn’t require a 
high activation energy since the latter are rather accessible and stationary. Table 4. 6 summarizes the 
values of activation enthalpy, activation entropy and free activation enthalpy at 303 K regarding the 
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physico-chemical properties of functional surfaces. The increase of the activation enthalpy to get the 
transition-state complex when the polymers are less cross-linked can be explained similarly to the 
increase of activation energy. The formation of the activated complex requires more energy since 
functional groups that are located deeper within the plasma polymer can be involved in the formation 
of the complex. Furthermore, the complex may be more difficult to achieve due to the fact that the 
functional groups are randomly oriented and beacause of the higher molecular vibrations may occur 
within the less crosslinked polymer. As for the activation entropy, it is interesting to notice that 
slightly negative values have been calculated for more crosslinked polymers. This result is 
understandable since the interfacial DA reaction probably occurs more favorably at the outermost 
surface compared to FUR 2 %5. Therefore, some order can be gained during the formation of the 
transition-state complex since the concerted mechanism occurring close to the surface may bring some 
order to the system. The free energy of activation ΔG≠ doesn’t change significantly with the physico-
chemical properties of the surfaces, which is commonly observed.[13] 
 
Table 4. 6: Values of thermodynamic parameters characterizing the formation of the transition-state complex 
involved during the interfacial DA reaction for different plasma polymers. 
Samples Ea (kJ.mol
-1
) ΔH≠ (kJ.mol-1) ΔS≠ (kJ.mol-1.K-1) ΔG
≠
 
a)
 (kJ.mol
-1
) 
FUR 2 %5 63 ± 4 60 ± 8 0.05 ± 0.02 44 ± 8 
FUR 20 %5 40 ± 1 38 ± 1 -0.05 ± 0.01 53 ± 2 
FUR 100 %5 25 ± 2 22 ± 2 -0.10 ± 0.01 53 ± 2 
a) Calculated at 303 K 
 
These data evidence that differences in the thin film microstructure imply significant changes in the 
kinetics of the reaction and the thermodynamic parameters associated to the formation of the 
transition-state complex of interfacial DA reaction. Consequently, it is possible to tune the interfacial 
reactivity by tailoring the physico-chemical properties of the polymer thin film directly via the 
selected operating conditions of plasma polymerization. 
 
IV.  Influence of the post-modification time on the reaction reactivity 
In the previous paragraph, the influence of the plasma polymer properties on the kinetics and the 
thermodynamic parameters associated to the formation of the transition-state complex was 
investigated. Here, we propose to change the environment of the reactive sites of the functional 
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coating in another way, more precisely by varying the post-modification process. This study will 
enable to confirm the interpretations of the previous results and to have additional experimental results 
in order to design an ideal functional coating for interfacial DA reaction in term of reactivity. 
 
IV.1. Fabrication of coatings with various diene contents 
We have seen in the previous paragraph that the kinetics of interfacial DA reaction depends on the 
density of functional groups at the surface. Thus, in order to fasten the DA kinetics, two strategies 
implying a change in the vapor-post-modification step could be considered: 
- the first strategy consists in increasing the number of diene functions at the surface by increasing the 
number of furan groups grafted per anhydride group deposited on the material (Figure 4. 16.a). In 
other words, a multifunctional compound would be grafted onto the plasma polymer; 
- the second strategy consists in increasing the number of diene functions by increasing the number of 
anhydride groups that undergo the aminolysis reaction. This purpose could be achieved by increasing 
the post-modification reaction time (Figure 4. 16.b). 
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Figure 4. 16: Schematic representation of the two strategies proposed to change the DA reactivity by modifying the 
post-modification step. 
 
The first strategy is apparently promising but the feasibility of the synthesis of a multifunctional 
compound bearing several furan groups and terminated by an amine, its evaporation (or sublimation) 
during the vapor-phase post-modification step and the steric hindrance that may appear by the grafting 
of this compound on the MAPP X % could be detrimental to an efficient disposal of a highly 
functional coating. Indeed, apart from inconvenient practical aspects related to the two first points, the 
grafting of a bigger molecule could lead to a lower grafting density (less anhydride groups would be 
modified) that may compensate the increase of the number of furan groups provided by the 
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multifunctionality of the grafted compound. Therefore, we decided to try to raise the amount of furan 
groups grafted onto the coating simply by increasing the aminolysis reaction time between the 
furfurylamine and the MAPP X % thin film deposited by plasma polymerization. 
 
For this purpose, the first point was to determine the maximal post-modification time that can be used 
in order to try to have many furan groups at the surface while avoiding the condensation of the 
furfurylamine on the substrates during the functionalization process. Indeed, the condensation of the 
amine-terminated furan derivative may change its reactivity with the anhydride groups from the 
plasma polymer since the reaction wouldn’t occur anymore in the vapor phase. The presence of 
furfurylamine droplets on the MAPP X % may ultimately lead to heterogeneous chemical composition 
of the polymer surface.[14] 
Visually, we have observed that furfurylamine condensation started after 60 mins of post-
modification. We have thus decided to prepare two surfaces, namely FUR 2 %60 and FUR 100 %60, 
in order to investigate the influence of the aminolysis time on the reactivity of the functional coating. 
FUR 2 %60 and FUR 100 %60 correspond to silicon wafers on which MAPP X % was deposited by 
plasma polymerization at duty cycles DC = 2 % and 100 %, respectively, followed by 60 mins of 
aminolysis with furfurylamine and 1 hr of heat treatment at 393 K. This aminolysis time is the longest 
reaction time that can be chosen in order to try to maximize the furan group content without seeing 
furfurylamine condensation during the post-modification process. 
 
The chemical composition of FUR 2 %60 and FUR 100 %60 were characterized by PM-IRRAS. For 
more clarity, the corresponding MAPP X % and FUR X %5 were also plotted (Figure 4. 17 and Figure 
4. 18). 
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Figure 4. 17: PM-IRRAS spectra of MAPP 2 % surfaces before and after aminolysis with furfurylamine for 5 mins 
(FUR 2 %5) or 60 mins (FUR 2 %60) and subsequent heat treatment. 
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Figure 4. 18: PM-IRRAS spectra of MAPP 100 % surfaces before and after aminolysis with furfurylamine for 5 mins 
s(FUR 100 %5) or 60 mins (FUR 100 %60) and subsequent heat treatment. 
 
In Figure 4. 17 and Figure 4. 18, the post-modification of MAPP X % with furfurylamine and 
subsequent heat treatment gave rise to the formation of imide and furan groups within the functional 
coating, characterized by the following vibration bands: asymmetric vibration of imide C=O 
(1742 cm
−1
, C), symmetric vibration of imide C=O (1670 cm
−1
, E), C=C furan groups elongation 
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(1500-1560 cm
−1
, F), C-N elongation (1430 cm
−1
, G), C-N-C elongation (1240-1160 cm
−1
, H) and the 
furan C-O-C elongation band (1013 cm
−1
, J). The intensity of the imide and furan characteristics bands 
increases when the aminolysis reaction time increases, and even more significantly in the case of 
FUR 2 %60. However, it is impossible to quantify the furan group content or the aminolysis 
conversion since no internal reference exists for such calculations. 
Besides, ACA measurements of FUR 2 %60 and FUR 100 %60 were performed at pH = 13. For 
FUR 2 %60, the ACA was equal to 65° ± 2°, which is almost similar to FUR 2 %5 (67° ± 2°) and for 
FUR 100 %60, the ACA was equal to 72° ± 3°, which is also very close to FUR 100 %5 (77° ± 1°).  
Eventhough, the precise quantification of the density of the furan groups was not possible via these 
two techniques, we have decided to continue the kinetics and thermodynamics investigations for these 
two surfaces. We were particularly interested to see if the aminolysis time impacts the values of the 
DA reaction constants, the activation energy as well as the enthalpic and entropic contributions for the 
formation of the transition-state complex formed during the DA reaction. For this study, we applied 
the same methodology as the one previously described, that is based on ACA measurements at 
pH = 13. 
 
 IV.2. Study of the reactivity of surfaces prepared with a longer aminolysis time 
Primarily, the progress of the DA reaction between FUR 2 %60 or FUR 100 %60 and MA in water 
with respect to the immersion time was investigated for various dienophile (MA) concentrations 
ranging from 2.35 x 10
-5
 mol.L
-1
 to 2.35 x 10
-4
 mol.L
-1
 (Figure 4. 19.a and c, respectively) and various 
reaction temperatures ranging from 298 K to 323 K (Figure 4. 19.b and d, respectively). 
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Figure 4. 19: Evolution of the ACA at pH = 13 with immersion time after DA reaction between FUR 2 %60 or 
FUR 100 %60 and MA in water (a and c, respectively) at 303 K, at different MA concentrations and (b and d, 
respectively) at different temperatures, at [MA] = 2.35 x 10-4 mol.L-1. 
 
Then, these results were exploited to verify the rate law of the DA reaction with these two surfaces 
(Figure 4. 20), using the same methodology of linearization as previously described. As for other 
surfaces, the partial orders related to the diene and dienophile were respectively 1 and 2, which 
confirms that the rate law can be written as follows: v = kDA[MA]²[FUR X %60]. 
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Figure 4. 20: Linearization according to pseudo-first-order kinetics of the furan content of (a) FUR 2 %60 and (c) 
FUR 100 %60, after DA reaction at different concentrations at 303 K; and determination of the partial order related 
to the dienophile for the DA reaction between (b) FUR 2 %60 or (d) FUR 100 %60 and MA by linearization of the 
curve ln(k’) = f(ln[MA]). The equation of the fitting curves are (b) ln(k’) = 2.2 ln([MA]) + 12.6 (R² = 0.94) and (d) 
ln(k’) = 1.8 ln([MA]) + 7.7 (R² = 0.96). 
 
Thanks to the mesurements of reaction progress performed at various temperatures, the rate constants 
kDA were determined at four different temperatures and compared to FUR 2 %5 and FUR 100 %5 
(Table 4. 7). 
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Table 4. 7: Values of kDA, DA rate constants, determined at different temperatures for various furan-functionalized 
surfaces fabricated by plasma polymerization performed at a DC of 2 % (FUR 2 %5 and FUR 2 %60) and 100 % 
(FUR 100 %5 and FUR 100 %60). 
T (K) 298  303 313 323 
FUR 2 %5 
kDA x 10
-4
 (M
-2
.s
-1
) 
9.9 22 35 65 
FUR 2 %60 
kDA x 10
-4
 (M
-2
.s
-1
) 
5.6 26 35 68 
FUR 100 %5 
kDA x 10
-4
 (M
-2
.s
-1
) 
0.38 
 
0.64 0.83 
FUR 100 %60 
kDA x 10
-4
 (M
-2
.s
-1
) 
0.29 0.49 0.65 0.89 
 
Similarly to FUR X %5, it can be noticed that the DA rate constant increases with temperature for 
FUR 2 %60 and FUR 100 %60. Moreover, the values of the rate constants are very similar, in 
particular at the higher temperatures (which gave the more precise values). So, the reaction kinetics 
was not changed at the extreme surface by increasing the post-modification time. This result probably 
comes from the fact that the outermost layer is very rapidly saturated with furan groups during 
aminolysis reaction. 
 
Finally, by using the values of the rate constants at various temperature, the activation energy (Figure 
4. 21), the activation enthalpy and the activation entropy related to the formation of the transition-state 
complex (Figure 4. 22) were determined by plotting ln(kDA) = f(1/T) (linearization of Arrhenius 
equation) and ln(kDA/T) = f(1/T) (linearization of Eyring equation) respectively. 
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Figure 4. 21: Linearization of the Arrhenius equation representing the evolution of ln(kDA) with 1/T for (a) 
FUR 2 %60 and (b) FUR 100 %60. The equation of the fitting curves are (a) ln(kDA) = -8312 / T + 39.3 (R² = 0.91) and 
(b) ln(kDA) = -4016 / T + 21.6 (R² = 0.93). 
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Figure 4. 22: Determination of the activation enthalpy and entropy by linearization of the rate constant of the DA 
reaction, between MA in water and (a) FUR 2 %60 and (b) FUR 100 %60, according to the Eyring equation. The 
equation of the fitting curves ares (a) ln(kDA/T) = -8779 / T + 34.9 (R² = 0.95) and (b) ln(kDA/T) = -3705 / T + 14.8 
(R² = 0.93). 
 
The values of the thermodynamic parameters of the different functionalized surfaces (FUR 2 %5, 
FUR 2 %60, FUR 100 %5 and FUR 100 %60) are summarized in Table 4. 8. 
 
Chapter 4 - Interfacial Diels-Alder reactivity between furan and maleic anhydride 
 
118 
 
Table 4. 8: Values of the activation energy as well as other thermodynamic parameters characterizing the formation 
of the transition-state complex involved during the DA reaction for different functionalized surfaces. 
 Surfaces Ea (kJ.mol
-1
)  ΔH≠ (kJ.mol-1) ΔS≠ (kJ.mol-1.K-1) ΔG
≠
 
a)
 (kJ.mol
-1
) 
 FUR 2 %5 63 ± 4 60 ± 8 0.05 ± 0.02 44 ± 8 
 FUR 2 %60 69 ± 5 59 ± 6 0.02 ± 0.03 43 ± 3 
 FUR 100 %5 25 ± 2 22 ± 2 -0.10 ± 0.01 53 ± 2 
 FUR 100 %60 30 ± 4 30 ± 5 -0.08 ± 0.02 54 ± 2 
 a) Calculated at 303 K 
 
By comparing the thermodynamic parameters of FUR 2 %Y together and FUR 100 %Y together, we 
can conclude on the absence of impact of the aminolysis reaction time on the surface reactivity of 
these coatings, at least in the range of aminolysis time that has been investigated. Indeed, all compared 
values are similar when considering uncertainties. This result probably originates from the fact that 
this reactivity study is based on ACA measurements that are very sensitive to the physico-chemical 
composition of the outermost surface of the coating. FUR X %5 and FUR X %60 should have very 
similar surface composition since their initial ACA values are very close. Therefore, a negligible 
difference in the furan group content at the outermost surface should exist between these coatings, 
leading to a similar reactivity via DA reaction with MA. The furan group content may vary deeper in 
the coating (according to PM-IRRAS characterizations) but no direct and fast characterization 
technique has been found to quantify the DA reactivity deeper within the plasma polymer. As a 
conclusion of this study, no influence of the aminolysis reaction time could be observed on the DA 
reactivity at the outermost surface of the designed functional coatings. An aminolysis reaction time of 
5 mins will thus mainly be used in the following chapters. 
 
V. Conclusion 
The reactivity of furan-functionalized surfaces was quantified by determining the kinetics and 
thermodynamic parameters of the interfacial DA reaction with MA (in solution). After identifying the 
rate law of the reaction (first order kinetics related to the diene on the surface and second order 
kinetics related to the dienophile in solution), we have decided to investigate the influence of plasma 
polymer properties on its interfacial reactivity. Indeed, since operating conditions of plasma 
polymerization, in particular the plasma DC, strongly influence the physico-chemical composition of 
polymer, we have compared the values of DA rate constants and activation parameters determined for 
coatings fabricated under different operating conditions. This study has enabled us to suggest a 
reactivity model for this interfacial cycloaddition according the physico-chemical properties of the 
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functional coating. A plasma polymer with numerous functional groups and low crosslinking rate 
(FUR 2 %60) favors a fast DA reaction, probably due to the higher probability to find appropriately 
oriented reactive groups to conduct the cycloaddition. Besides, the activation energy of the reaction 
performed on such polymers is as high as 63 kJ.mol
-1
. This result has been attributed to the high 
flexibility and mobility of furan groups resulting in their random orientation. For the same reason, the 
activation enthalpy to form the transition-state complex is quite high with low-crosslinked polymers 
and functional groups located deeper into the plasma polymer contribute to the surface reactivity. A 
complementary study has been initiated in order to investigate the effect of the density of the 
functional groups on the reactivity, at a constant crosslinking rate. However, the characterization 
techniques available for this study could n’t allow us to fully conclude on this point. The major result 
is the absence of difference in term of DA reactivity at the outermost surface of the coating. 
In conclusion, we have shown that the interfacial DA reactivity (between furan-functionalized surfaces 
and maleic anhydride in solution) can be tuned by the physico-chemical properties of the polymer 
coating. Therefore, it is possible to control an interfacial thermoreversible reaction performed on 
plasma polymers, which opens innovative perspectives for the design of smart coatings. 
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Chapter 5 
Diels-Alder reaction based on furan/maleimide pair: thorough reactivity 
investigations to control interfacial reaction 
 
I. Introduction 
In the previous chapter, we thoroughly investigated interfacial DA reactivity of the furan/maleic 
anhydride pair. For this purpose, furan-functionalized plasma polymers were immersed in an aqueous 
solution of maleic anhydride and the reaction kinetics of this reaction was monitored. It was 
highlighted that the physico-chemical composition of the plasma polymer strongly influences the 
interfacial DA reactivity. A good understanding of the interfacial DA reactivity was achieved via an 
original and efficient methodology based on ACA measurements. However, maleic anhydride may not 
be the appropriate dienophile to use for practical applications of interfacial DA reactions. Indeed, any 
substituent on anhydride ring would dramatically change the DA reactivity, a contrario to maleimide. 
This is one of the main reason why the maleimide/furan pair has been widely studied in solution or in 
bulk materials in the literature.[1]–[4] 
Interfacial DA reactions between furan- and maleimide-derivatives has also been explored, for 
instance to obtain self-healable composites at relatively low temperature, by performing the DA 
reaction between maleimide-derivatives immobilized on fibers and furan-functionalized matrix.[5], [6] 
Another interesting example is the work of Gevrek et al. who patterned by microcontact-printing 
furan-functionalized polymers on silicon and glass substrates with maleimide‐terminated dye 
molecules or biotin ligands.[7] One can also cite the works of Costanzo’s[8] and Woisel’s[9] groups 
who selectively immobilized fluorinated compounds by DA reaction between furan- and maleimide 
pair in order to control the surface wettability of materials. In that sense, we have decided to switch 
from now to furan/maleimide pair and to investigate the interfacial DA reactivity between furan-
functionalized plasma polymers and maleimide-derivatives. Keeping in mind potential applications of 
this concept of interfacial DA chemistry for biological or environmental issues, we have also tried to 
continue to work in aqueous medium, which is quite unusual for this diene/dienophile pair. Similarly 
to the previous chapters, a reactivity study will be performed thereafter, as well as some investigations 
about the reversibility of the DA reaction. In this chapter, the DA and rDA reactions were carried out 
in water in order to avoid the use of any organic solvent, which may damage some substrate materials, 
such as polymers. 
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II. Reactivity study of the interfacial DA reaction 
We have decided to start the investigations of DA reactivity of the furan/maleimide in an aqueous 
medium by studying first the interfacial DA reactivity between furan-functionalized silicon wafers, 
FUR 2 %60 (fabricated by the deposition of poly(maleic anhydride) by pulsed plasma polymerization 
at a duty cycle of 2 % followed by an aminolysis reaction with furfurylamine for 60 mins and 
subsequent heat treatment) and alpha-methoxy-omega-ethyl-maleimide poly(ethylene glycol), called 
MAL-PEG13, in water. MAL-PEG13 has been chosen as a maleimide-derivative to be able to study the 
DA reactivity in water. Indeed, maleimide is poorly soluble in water and the presence of the small 
poly(ethylene glycol) (PEG) chain facilitates its solubility. Besides, MAL-PEG13 is the maleimide-
derivative with the shortest PEG chain that is commercially available at a reasonable price. The furan-
functionalized coating, FUR 2 %60 has been chosen in order to try to have the highest content of furan 
groups available at the surface of the substrate. FUR 2 %5 could also have been chosen but since 
MAL-PEG13 is really crowded compared to maleic anhydride, previously used, we have expected to 
maximize the DA reactivity by using FUR 2 %60. 
 
In order to study the interfacial DA reactivity of the furan/maleimide pair, the same methodology as 
the one described in the previous chapter has been applied. The progress of the DA reaction (Figure 5. 
1) has been investigated by measuring the evolution of the advancing contact angle (ACA) at pH = 7 
of the surface with the reaction time by immersing FUR 2 %60 surfaces in aqueous solutions of MAL-
PEG13 at various concentrations (ranging from 2.35 x 10
-5
 mol.L
-1
 to 2.35 x 10
-3
 mol.L
-1
) and various 
temperatures (ranging from 288 K to 313 K). 
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Figure 5. 1: Interfacial DA reaction between FUR 2 %60 surfaces (diene) and MAL-PEG13 (dienophile) in water. 
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Figure 5. 2: Evolution of ACA values at pH = 7 with immersion time after DA reaction between FUR 2 %60 and 
MAL-PEG13 in water (a) at 303 K, at different MAL-PEG13 concentrations and (b) at different temperatures, at 
[MAL-PEG13] = 2.35 x 10
-4 mol.L-1. 
 
As observed in Figure 5. 2, the interfacial cycloaddition between furan-groups present at the surface 
and MAL-PEG13 depends on the dienophile concentration and on the temperature of the solution. It 
can be noticed that when [MAL-PEG13] is higher than 2.35 x 10
-4
 mol.L
-1
, there is no significant 
difference in ACA values compared to the values measured at 2.35 x 10
-4
 mol.L
-1
. This result may 
come from the steric hindrance of MAL-PEG13 which limits the accessibility to free furan sites in the 
polymer coating as soon as some MAL-PEG13 molecules have been immobilized on the surface. 
As in the previous chapter, the residual furan content (χdiene) on the surface can be calculated from the 
ACA measurements at any time (Equation 1): 
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χ
diene
=
cos θa − cos θadduct
cos θdiene − cos θadduct
 
        (1) 
with ϴdiene = 67° and ϴadduct = 21° this time. 
In order to better understand this interfacial DA reaction, the rate law (Equation 2) has first been 
investigated, by assuming that the reversibility of this reaction can be neglected at the temperatures 
that have been tested.[1]–[3]: 
 
v = kDA[MAL-PEG13]
q
[FUR 2 %60]
p
        (2) 
with [MAL-PEG13] and [FUR 2 %60] the molar concentration in dienophile and surface content of 
diene respectively. 
 
To determine easily the partial orders of this reaction, the amount of dienophile was introduced in 
large excess (in solution) compared to the amount of diene groups (onto the surface) to be allowed to 
apply the isolation method. The rate law can thus be simplified as follows (Equation 3): 
v = k’[FUR 2 %60]p          (3)
 
 
ln(χdiene) (pseudo-first-order kinetics) and 1/χdiene (pseudo-second-order kinetics) were plotted versus 
the reaction time for the different concentrations and the linearity of the graphs was tested (Table 5. 1). 
For all concentrations, a linear dependence is observed for ln(χdiene) = f(time), which indicates that the 
DA reaction can be described by pseudo-first-order kinetics related to the diene (p = 1). 
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Table 5. 1: Comparison of the coefficient of determination (R²) for the pseudo-first-order and the pseudo-
second-order kinetics related to the diene for FUR 2 %60 after DA reaction performed at different MAL-
PEG13 concentrations at 303 K. 
[MAL-PEG13] 
(mol.L
-1
) 
R² 
(pseudo-first-order 
related to the diene) 
R² 
(pseudo-second-order 
related to the diene) 
2.35 x 10
-5
 0.99 0.64 
4.69 x 10
-5
 0.99 0.64 
1.18 x 10
-4
 0.95 0.88 
1.57 x 10
-4
 0.90 0.87 
2.35 x 10
-4
 0.97 0.87 
4.69 x 10
-4
 0.97 0.75 
2.35 x 10
-3
 0.96 0.75 
 
Moreover, the isolation method facilitates the determination of an apparent rate constant k’ equal to 
kDA[MAL-PEG13]
q
 for the different MAL-PEG13 concentrations that were tested. The linearization of 
the curve ln(k’) = f(ln([MAL-PEG13])) for [MAL-PEG13] below 2.35 x 10
-4
 mol.L
-1
 (Figure 5. 3) 
allows the identification of a pseudo-first-order kinetics related to the dienophile since the slope is 
close to 1 (q = 1). It is important to exclude the values at [MAL-PEG13] superior to 2.35 x 10
-4
 mol.L
-1
 
since above this critical concentration, the steric hindrance of MAL-PEG13 disturbs the measurements 
of the reaction progress on FUR 2 %60 surfaces, as previously mentioned. This effect is clearly visible 
in Figure 5. 3 since the vaue of the apparent rate constant k’ remains constant despite the increase of 
[MAL-PEG13] concentration. 
Consequently, the rate law of the DA reaction between furan-functionalized surfaces FUR 2 %60 and 
MAL-PEG13 in water can be written as follows (Equation 4): 
v = kDA[MAL-PEG13][FUR 2 %60]         (4) 
It is intereting to notice that both partial orders are equal to 1 this time which is commonly observed 
for a bimolecular reaction and which is in accordance with the litterature.[1] 
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Figure 5. 3: Determination of the partial order related to the dienophile (q) for the DA reaction between FUR 2 %60 
and MAL-PEG13 by linearization of the curve ln(k’) = f(ln[MAL-PEG13]). The equation of the fitting curve for [MAL-
PEG13] below 2.35 x 10
-4 mol.L-1 is ln(k’) = 1.1 ln[MAL-PEG13] + 0.8 (R² = 0.99). 
 
Then, the experiments conducted at diverse temperatures allow the determination of DA rate 
constants, kDA, at different temperatures (Table 5. 2). 
 
Table 5. 2: Values of Diels-Alder rate constants, kDA, determined at different temperatures. 
T (K) 288 293 298 303 313 
kDA (M
-1
.s
-1
) 0.37 0.45 0.56 1.22 1.59 
 
It is noteworthy that the values of kDA increase with the reaction temperature and that they obey the 
Arrhenius law, as illustrated in Figure 5. 4: 
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Figure 5. 4: Linearization of the Arrhenius equation representing the evolution of ln(kDA) with 1/T. The equation of 
the fitting curve is ln(kDA) = -7276 / T + 23.4 (R² = 0.93). 
 
The slope of the linearization plot of Arrhenius equation gives an estimation of the activation energy 
of this interfacial DA reaction Ea = 54 ± 6 kJ.mol
-1
, which is the same order of magnitude as the 
interfacial DA reaction between FUR 2 %60 and maleic anhydride. 
 
The values of the rate constant at different temperatures can also provide information about the 
activated complex formed during the reaction by applying the transition-state theory.  
Plotting ln(kDA/T) = f(1/T) (Figure 5. 5) enables the calculation of thermodynamic parameters related 
to the formation of the transition-state complex involved during the DA reaction between FUR 2 %60 
surfaces and MAL-PEG13: the activation enthalpy related to the formation of this complex corresponds 
to ΔH≠ = 58 ± 5 kJ.mol-1 and the activation entropy ΔS≠ = -0.05 ± 0.02 kJ.mol-1.K-1. 
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Figure 5. 5: Determination of the activation enthalpy and entropy by linearization of the Eyring equation. The 
equation of the fitting curve is ln(kDA/T) = -6979 / T + 17.2 (R² = 0.91). 
 
As for FUR 2 %60 and maleic anhydride, the positive value of ΔH≠ evidences that the reaction is 
endothermic. The value of ΔS≠ shows that almost no change of order occurs by the formation of the 
complex. As previously described, since the formation of the transition-state complex occurs at the 
interface of a plasma polymer which has, by nature, a poorly defined crosslinked structure, it is 
difficult to comment on a more or less ordered system compared to the initial system (FUR 2 %60 
surface). The kinetics and thermodynamics study described in this section has enabled the 
determination of the rate law for the interfacial DA reaction between the furan/maleimide pair, as well 
as the quantification of some thermodynamic parameters associated to the reaction. These results will 
thus serve as reference values for further investigations with this diene/dienophile pair. 
 
III. Reversible interfacial DA reaction with the furan/maleimide pair 
A major interest of DA chemistry is the reversibility of the reaction. After the work on the reactivity 
via the direct DA reaction with furan/maleimide pair, this section will focus on the rDA reaction in 
water of the adduct formed by the reaction between FUR 2 %60 and MAL-PEG13 and will end with 
the investigation of the reversibility of this reaction for several DA/rDA cycles. 
 
III.1. Feasibility of the interfacial retro-Diels-Alder reaction 
The first goal is to investigate the feasibility of the retro-cycloaddition by ACA measurements. For 
this purpose, FUR 2 %60 surfaces were first immersed in an aqueous solution of MAL-PEG13 ([MAL-
PEG13] = 2.35 x 10
-4
 M at 303 K for 2 hrs) to saturate the surface with the DA adduct. Then, the 
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adduct-functionalized surface (Add 2 %60) was immersed in deionized water at different temperatures 
ranging from 313 K to 353 K to let the rDA occur. 
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Figure 5. 6: Evolution of the ACA of the Add 2 %60 surfaces with immersion time in water at different temperatures. 
 
In Figure 5. 6, the increase of the ACA value of the Add 2 %60 surfaces with immersion time proves 
that the adduct content on the surface decreases with immersion time. The ACA plateau value (67°) 
obtained after 2 hrs at 353 K and corresponding to ϴdiene = 67° of FUR 2 %60 surfaces, indicates that 
the rDA reaction is completed in these conditions. On the contrary, due to the equilibrium between the 
direct- and retro-DA reactions, the ACA plateau value does not reach the initial Θdiene value for lower 
temperatures. 
As a test, the surface obtained after 10 h of rDA reaction at 313 K was then immersed in deionized 
water for 2 hrs at 353 K. The ACA increased in that case up ϴdiene = 67°. This quick additional 
experiment shows that FUR 2 %60 surfaces can be recovered if the rDA reaction is favored. 
 
III.2. Kinetics and thermodynamical parameters of the interfacial rDA reaction 
After proving the reversibility of the DA reaction, the interfacial rDA reactivity was investigated 
thoroughly by applying the same methodology as the one developed to study the direct DA reaction. 
For this purpose, the ACA measurements performed on Add 2 %60 after various immersion times of 
the surface in deionized water and at temperatures ranging from 323 K to 353 Kwere exploited (Figure 
5. 6). The experiment previously performed at 313 K was not taken into account in this study since the 
DA reaction couldn’t be neglected, as shown by the quick additional experiment. 
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According to Cassie equation, the adduct content on the surface can be determined from ACA 
measurements (Equation 5).  
𝜒𝑎𝑑𝑑𝑢𝑐𝑡 = 1 −
cos𝜃𝑎 − cos𝜃𝑎𝑑𝑑𝑢𝑐𝑡
cos𝜃𝑑𝑖𝑒𝑛𝑒 − cos𝜃𝑎𝑑𝑑𝑢𝑐𝑡
 
       (5) 
with ϴadduct = 30° and ϴdiene = 67°. 
 
The rate law of the rDA reaction, expressed as follows, has first been investigated (Equation 6). 
v = krDA.[Add 2 %60]
r
          (6) 
where krDA is the rDA reaction rate constant, [Add 2 %60] is the surface content of the adduct and r 
represents the order of the reaction. 
 
ln(χadduct) and 1/χadduct were plotted versus the reaction time for the different temperatures and the 
linearity of the graphs was tested (Table 5. 3). For all temperatures, a better linear dependence was 
observed for ln(χadduct) = f(time), indicating that the rDA reaction can be described by first-order 
kinetics, therefore r = 1. The slopes of these linearized data corresponded to the rDA rate constants, 
krDA (Table 5. 4). 
 
Table 5. 3: Comparison of the coefficient of determination (R²) for the first-order and the second-order kinetics for 
Add 2 %60 after rDA reaction performed at different temperatures. 
Temperature 
(K) 
R² 
(first-order) 
R² 
(second-order) 
323 0.90 0.81 
338 0.99 0.79 
353 0.96 0.86 
 
Table 5. 4: Values of rDA rate constants, krDA, for Add 2 %60 determined at different temperatures. 
T (K) 323 338 353 
krDA x 10
4
 (.s
-1
) 1.7 3.3 6.5 
 
First, it can be noticed that the krDA increases with temperature. Then, these values were used to verify 
that they obey the Arrhenius law and to subsequently determine the activation energy of this reaction. 
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Figure 5. 7: Linearization of the Arrhenius equation representing the evolution of ln(krDA) with 1/T. The equation of 
the fitting curve is ln(krDA) = -5009 / T + 6.8 (R² = 0.99) 
 
The Figure 5. 7 shows that the activation energy of the rDA reaction with Add 2 %60 is equal to 
42 ± 2 kJ.mol
-1
. 
Moreover, by linearization of Eyring equation, the values of the rate constant at different temperatures 
can provide information about the formation of the transition-state complex. Plotting 
ln(krDA/T) = f(1/T) (Figure 5. 8) enables the calculation of thermodynamic parameters for Add 2 %60 
surfaces. The results are reported in Table 5. 5. 
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Figure 5. 8: Determination of the activation enthalpy and entropy associated to the formation of the transition-state 
complex by linearization of the Eyring equation. The equation of the fitting curve is ln(krDA/T) = -4672 / T + 0.1 
(R² = 0.99) 
 
Table 5. 5: Thermodynamic parameters characterizing the formation of the transition-state complex involved in the 
rDA reaction for Add 2 %60. 
Ea (kJ.mol
-1
)  ΔH≠ (kJ.mol-1) ΔS≠ (kJ.mol-1.K-1) ΔG
≠
 
a)
 (kJ.mol
-1
) 
42 ± 2 39 ± 4 -0.20 ± 0.02 109 ± 1 
a) Calculated at 353 K 
 
The positive value of ΔH≠ evidences that the reaction is endothermic, which is consistent with 
experimental observations. Concerning the negative value of activation entropy, it seems that some 
order can be gained when the transition-state complex is formed back. Besides, the positive value of 
the free enthalpy of activation confirms that the formation of the transition-state complex can’t be 
spontaneously formed since (thermal) energy is needed for rDA reaction. It is however difficult to 
comment on these values more precisely and above all to compare them with the ones calculated 
during the interfacial direct DA reaction. Indeed, the methodology developed in this thesis seems to be 
efficient to compare surfaces with different properties or surfaces reacting with various dienophile 
molecules but all previous studies considered the same reaction, namely the direct DA reaction. Here 
another reaction, the rDA reaction, is under investigation which changes the reference system (adduct-
functionalized surface). 
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 III.3. Reversibility of interfacial DA reaction between FUR 2 %60 and MAL-PEG13 
for several DA/rDA cycles 
The previous study has enabled us first to investigate the DA and rDA reactions between FUR 2 %60 
surfaces and MAL-PEG13 and let us conclude that the following conditions can be used to perform 
them: 
- DA reaction: in [MAL-PEG13] = 2.35 x 10
-4
 M, at 303 K for 2 hrs 
- rDA reaction: in deionized water, at 353 K for 3 hrs. 
 
Since the reversibility of the reaction over several DA/rDA cycles is a real challenge for further 
applications, the present study tends to show that the surface chemistry remains stable during several 
DA/rDA cycles. For this purpose, DA and rDA reactions were performed as previously described and 
the presence or not of the DA adduct was verified after each step by measuring the ACA of the surface 
(Figure 5. 9). It is important to notice that these DA/rDA cycles have been carried out on a single 
sample (silicon wafer coated by the functional polymer). 
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Figure 5. 9: Evolution of the ACA after each DA or rDA step between FUR 2 %60 surfaces and MAL-PEG13 over five 
DA/rDA cycles. 
 
In Figure 5. 9, we observe that the ACA value is always low (around 30°) after immersing the 
FUR 2 %60 surface in the MAL-PEG13 solution at 303 K for 2 hrs. This low ACA value is 
characteristic of the presence of the adduct on the surface. Moreover, the ACA value is high (around 
67°) after heating the adduct-functionalized surfaces at 353 K for 3 hrs. This suggests that the adduct 
has been removed from the surface and that the surface chemistry is back to the initial FUR 2 %60 
surface. 
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These results constitute a proof of concept of excellent reversible interfacial DA reaction between a 
furan-functionalized plasma polymer and a maleimide-derivative. In addition, the mild temperatures at 
which these reactions are performed (direct DA reaction performed at 303 K and rDA reaction 
performed at 353 K) and the fact that these reactions are successful in water are of major interest to 
consider potential applications of this concept. 
 
IV. Influence of the presence of a spacer between furan groups and the plasma polymer 
on the DA reactivity 
We have seen in the previous chapter that the accessibility of the furan groups at the surface has an 
influence on the interfacial DA reactivity. In particular, the reaction kinetics is faster when the furan 
groups are more mobile at the surface. In order to continue to speed up the reaction kinetics, we have 
imagined to bring mobility to the furan groups by adding a spacer between the furan and the plasma 
polymer. In collaboration with the group of Dr. Loïc Jierry from the Institut Charles Sadron in 
Strasbourg, we designed an new amine-terminated furan compound that could be grafted onto 
poly(maleic anhydride) during the aminolysis reaction (Figure 5. 10) and that contains this spacer. 
NH
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Figure 5. 10: Furan-derivative, FUR-PEG2-NH2 synthesized to study the influence of a spacer between the plasma 
polymer and the DA reactive site on interfacial DA reactivity 
 
In this section, we have thus considered the interfacial DA reaction between MAL-PEG13 and FUR-
PEG2 2 %60 surface. FUR-PEG2 2 %60 has been fabricated similarly to FUR 2 %60 but furfurylamine 
was replaced by FUR-PEG2-NH2 during the aminolysis step. 
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The methodology previously described was applied here again to investigate the kinetics and to 
determine the thermodynamic parameters associated to the interfacial DA reaction between FUR-
PEG2 2 %60 and MAL-PEG13 in water (Figure 5. 11). The reaction progress with immersion time has 
been investigated by measuring the evolution of the ACA at pH = 7 at various MAL-PEG13 
concentrations ranging from 2.35 x 10
-8
 mol.L
-1
 to 2.35 x 10
-4
 mol.L
-1 
(Figure 5. 12.a) and various 
temperatures ranging from 298 K to 323 K (Figure 5. 12.b).  
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Figure 5. 11: Interfacial DA reaction between FUR-PEG2 2 %60 surfaces (diene) and MAL-PEG13 (dienophile) in 
water. 
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Figure 5. 12: Evolution of the ACA at pH = 7 with immersion time after DA reaction between FUR-PEG2 2 %60 and 
MAL-PEG13 in water (a) at 303 K, at different MAL-PEG13 concentrations and (b) at different temperatures, at 
[MAL-PEG13] = 2.35 x 10
-4 mol.L-1. 
 
First, it is interesting to observe the absence of difference of the initial value of ACA (corresponding 
to Θdiene) between FUR-PEG2 2 %60 and the reference surface (FUR 2 %60): 67° ± 3° for FUR 2 %60 
and 65° ± 1° for FUR-PEG2 2 %60. Despite the presence of two ethylene glycol units (spacer), the 
ACA remains similar to the one of FUR 2 %60 due to the presence of furan at the extreme surface. 
This observation is noteworthy for the quality of further χdiene (residual furan content on the surface) 
calculations, since a significant difference of ACA exists between the initial surface (ϴdiene = 65°) and 
the surface on which MAL-PEG13 was immobilized (ϴadduct = 43°). As for the evolution of the ACA 
with reaction time, it is interesting to notice that at 323 K (at [MAL-PEG13] =  2.35 x 10
-4
 mol.L
-1
), the 
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DA reaction is complete in only 5 minutes which is a first good indication that the reaction kinetics 
could be speeded up thanks to the presence of the spacer. 
 
Then, we verified that the partial orders related to the reactants were the same than for FUR 2 %60 
surfaces, namely a first order related to the diene on the surface (Table 5. 6) and to the dienophile in 
solution (Figure 5. 13). 
 
Table 5. 6: Comparison of the coefficient of determination between the pseudo-first-order and the pseudo-second-
order kinetics of the furan content of FUR-PEG2 2 %60 after DA reaction performed at different MAL-PEG13 
concentrations at 303 K. 
[MAL-PEG13] 
(mol.L
-1
) 
R² 
(pseudo-first-order 
related to the diene) 
R² 
(pseudo-second-order 
related to the diene) 
2.35 x 10
-8
 M 0.95 0.55 
2.35 x 10
-7
 M 0.84 0.91 
2.35 x 10
-6
 M 0.93 0.90 
2.35 x 10
-5
 M 0.91 0.73 
2.35 x 10
-4
 M 0.91 0.55 
 
As observed in Table 5. 6, for all concentrations, the DA reaction can be described by a pseudo-first-
order kinetics related to the diene, since better coefficients of determination were obtained compared 
with the ones obtained with a pseudo-second-order kinetics. 
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Figure 5. 13: Determination of the partial order related to the dienophile for the DA reaction between FUR-
PEG2 2 %60 and MAL-PEG13 by linearization of the curve ln(k’) = f(ln[MAL-PEG13]). The equation of the fitting 
curve is ln(k’) = 1.0 ln([MAL-PEG13]) + 3.8 (R² = 0.99). 
 
As expected, the linearization of the curve ln(k’) = f(ln[MAL-PEG13]) (Figure 5. 13) demonstrates that 
the DA reaction can be described by a pseudo-first-order kinetics related to the dienophile since the 
slope of this curve is equal to 1. 
Consequently, the rate law of the DA reaction between furan-functionalized surfaces, FUR-
PEG2 2 %60, and MAL-PEG13 can be written as follows (Equation 7): 
v = kDA[MAL-PEG13][FUR-PEG2 2 %60]       (7) 
 
Furthermore, the DA rate constants, kDA, were determined at various temperatures (Table 5. 7). 
 
Table 5. 7: Values of DA rate constants, kDA, determined at different temperatures for FUR-PEG2 2 %60 surface. As a 
reminder, kDA for FUR 2 %60 surface (obtained at the same temperatures) are also indicated to facilitate the 
comparison between the two surfaces. 
T (K) 298 303 308 313 323 
FUR 2 %60 
kDA (M
-1
.s
-1
) 
0.56 1.2 - 1.6 - 
FUR-PEG2 2 %60 
kDA (M
-1
.s
-1
) 
1.1 1.4 2.1 4.9 47 
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Similarly to FUR 2 %60, the values of kDA for FUR-PEG2 2 %60 increase with the temperature. It 
should however be noticed that, at 323 K for FUR-PEG2 2 %60, the few number of experimental 
points at short reaction times leads to a big uncertainty on the value of the DA rate constant. 
It is interesting to comment that the rate constants are higher for FUR-PEG2 2 %60 (compared to 
FUR 2 %60) which validates the hypothesis that more mobile furan groups favor a faster interfacial 
DA reaction.  
 
The DA rate constants also obey to the Arrhenius law, as illustrated in Figure 5. 14. 
-1
0
1
2
3
4
5
0,003 0,0031 0,0032 0,0033 0,0034
ln
(k
D
A
)
1/T (K-1)
 
Figure 5. 14: Linearization of the Arrhenius equation representing the evolution of ln(kDA) with 1/T for FUR-
PEG2 2 %60. The equation of the fitting curve is ln(kDA) = -9278 / T + 31.1 (R² = 0.93) 
 
The linearization of the curve ln(kDA) = f(1/T) enables the determination of the activation energy 
Ea = 77 ± 3 kJ.mol
-1
. 
Furthermore, it is possible to calculate the activation enthalpy and the activation entropy associated to 
the formation of the transition-state complex (Figure 5. 15). The results obtained for both FUR 2 %60 
and FUR-PEG2 2 %60 surfaces are summarized in Table 5. 8. 
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Figure 5. 15: Determination of the activation enthalpy and entropy by linearization of Eyring equation for FUR-PEG2 
2 %60. The equation of the fitting curve is ln(kDA/T) = -8973 / T + 24.3 (R² = 0.92). 
 
 
Table 5. 8: Thermodynamic parameters characterizing the formation of the transition-state complex involved in the 
DA reaction for different coatings (FUR 2 %60 and FUR-PEG2 2 %60). 
Surface Ea (kJ.mol
-1
) ΔH≠ (kJ.mol-1) ΔS≠ (kJ.mol-1.K-1) ΔG
≠
 
a)
 (kJ.mol
-1
) 
FUR 2 %60 54 ± 6 58 ± 5 -0.05 ± 0.02 74 ± 1 
FUR-PEG2 2 %60 77 ± 3 75 ± 3 0 ± 0.02 73 ± 1 
a) Calculated at 303 K 
 
By comparing the thermodynamic parameters calculated for FUR-PEG2 2 %60 and FUR 2 %60, it is 
clear that the activation energy that should be brought to FUR-PEG2 2 %60 surfaces to react with 
MAL-PEG13 is higher. This result is in accordance with the hypothesis that the presence of a spacer 
between the furan group and the plasma polymer favors the mobility of the reactive site. Due to higher 
molecular vibrations (compared to furan group that are located closer to the surface on FUR 2 %60), 
the probability that the two reactants are appropriately oriented to undergo the DA reaction is lower. 
Therefore, the activation energy and the activation enthalpy to form the transition-state complex are 
higher for FUR-PEG2 2 %60 than for FUR 2 %60. 
Besides, the use of MAL-PEG13 as dienophile molecule may have hindered some reactivity issues. 
Indeed, FUR-PEG2 2 %60 surfaces may contain less furan groups at the outermost surface of the 
coating than FUR 2 %60 for evident steric hindrance effect. Yet we know that the density of 
functional groups present at the surface of the coating also influences its reactivity. The size of MAL-
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PEG13 likely doesn’t allow to reveal any difference in the density of furan groups between these two 
surfaces. Therefore, the use of a smaller maleimide derivative to investigate this interfacial DA 
reactivity would be interesting to discuss this probable difference of furan group content. 
 
V. Comparison of the reactivity of the interfacial DA reaction with the same reaction 
performed in solution 
Up to now, all reactivity studies dealt with interfacial DA reactions. Actually, the comparison of the 
reactivity at the interface and in solution was often not possible. Indeed, furfurylamine (the diene 
immobilized on the surface) can react with maleic anhydride or maleimide through the anhydride or 
imide functions, respectively, which would compete with the DA reaction. Before its reaction by 
aminolysis during the surface functionalization process, FUR-PEG2-NH2 was available under its 
protected form, namely as FUR-PEG2-NHBoc. In this protected form, the reaction of this compound 
with anhydride or imide group is prevented. Therefore, we have decided to study in this section the 
DA reactivity of FUR-PEG2-NHBoc with MAL-PEG13 in water in order to compare interfacial and 
solution DA reactivity. This study was realized in collaboration with the Institut Charles Sadron. 
 
 V.1. Determination of a calculation method to quantify the conversion of the DA 
reaction in solution by 
1
H-NMR 
In order to investigate the DA reaction in water between MAL-PEG13 and FUR-PEG2-NHBoc (Figure 
5. 16), it has been decided to monitor the DA reaction progress by 
1
H-NMR in D2O, directly in the 
1
H-
NMR probe. For this purpose, 
1
H-NMR spectra (400 MHz, D2O) of both FUR-PEG2-NHBoc and 
MAL-PEG13 were first performed to assign the signals of protons of the reactants and particularly 
those that will be involved in the formation of the adduct.[10] Tertio-butanol has been used for 
internal reference: its singlet signal corresponding to the tertiobutyl group overlapped completely with 
the one in Boc group from FUR-PEG2-NHBoc. Both were assigned at 1.24 ppm. The monitoring 
progress of the DA reaction can be done by measuring the integration of the signal at 6.85 ppm, 
attributed to the two protons of the maleimide group of MAL-PEG13.. 
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Figure 5. 16 DA reaction between FUR-PEG2-NHBoc and MAL-PEG13. 
 
Then, the feasibility of the DA reaction was verified at 323 K by mixing together the two reactants 
([MAL-PEG13] = 5.7 x 10
-3
 mol.L
-1
 and [FUR-PEG2-NHBoc] = 5.7 x 10
-2
 mol.L
-1
) into D2O and 
regularly monitoring 
1
H-NMR spectra of the reaction medium. 
According to literature, five different signals are characteristic from the adduct formed and can be 
assigned (Figure 5. 17).[3] However, in our case, not all of them were easily observed by 
1
H-NMR 
because of their overlap with other signals. The appearance of the signals related to proton 1 confirm 
the adduct formation of both isomers (endo- and exo-adduct) and the evolution of its integration over 
time allows to follow the DA reaction in water: δendo = 5.33 ppm and δexo = 5.23 ppm. 
1
2
3
4
5
a) b) Proton Endo-adduct Exo-adduct
1 d 5.33 ppm Broad s 5.23 ppm
2 dd 6.61 ppm Overlapped
3 d 6.44 ppm Overlapped
4 d 3.23 ppm Overlapped
5 dd 3.55 ppm d 2.92 ppm
 
Figure 5. 17 (a) Schematic representation of the characteristic adduct protons and (b) their respective chemical shift 
observed by 1H-NMR (400 MHz, D2O). 
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Figure 5. 18: 1H-NMR spectra (400 MHz, 323 K) after mixing FUR-PEG2-NHBoc and MAL-PEG13 in D2O for (a) 0 
min, (b) 15 mins, (c) 40 mins and (d) 150 mins. 
 
In Figure 5. 18, the gradual apparition of the signals at 5.33 ppm (endo-adduct) and 5.23 ppm (exo-
adduct) at different times shows that the DA reaction occurs within 15 mins in water at 323 K. The 
kinetics of formation of endo- and exo-adduct seems similar but the endo-adduct is the major one 
formed compared to the exo-adduct, as already reported in the literature.[2], [3], [11] 
From this first test, it has been decided that the DA reaction progress is evaluated thanks to the gradual 
apparition of both the endo- and exo-adduct signals located at 5.33 ppm and 5.23 ppm, respectively. 
The increase of the combined integration values of both signals allows to quantify the conversion in 
adducts, in agreement with the decrease of the integration value measured from the singlet at 6.85 ppm 
corresponding to the maleimide group of MAL-PEG13. 
 
 V.2. Study of the DA reactivity between MAL-PEG13 and FUR-PEG2-NHBoc in 
solution 
The reaction kinetics was investigated by 
1
H-NMR monitoring at various temperatures ranging from 
293 K to 323 K (Figure 5. 19). 
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Figure 5. 19: Evolution of the reaction conversion with time of the DA reaction between MAL-PEG13 and FUR-PEG2-
NHBoc in D2O at various temperatures. 
 
As observed in Figure 5. 19, the maximal conversion increases with temperature until 313 K. 
However, it is lower at 323 K (around 80 %) than at 313 K (close to 100 %). At this temperature, rDA 
may not be neglected any more, which was not the case when the reaction was conducted on FUR-
PEG2 2 %60 surfaces. This result is not so surprising since molecules in solution have one additional 
degree of freedom compared to molecules immobilized on a surface. The DA adduct may thus 
undergo rDA reaction at a different temperature. 
 
By considering that the rate law of the reaction between MAL-PEG13 and FUR-PEG2-NHBoc is the 
same as the one of the reaction between MAL-PEG13 and FUR-PEG2 2 %60 surfaces, which is 
consistent with any previous work, the values of the DA rate constants, kDA, were determined at the 
different tested temperatures (Table 5. 9). The calculations were simplified by applying the isolation 
method since the amount of diene (FUR-PEG2-NHBoc) was introduced in large excess compared to 
the amount of dienophile groups; the concentration of diene were thus considered as constant during 
the reaction. 
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Table 5. 9: Values of DA rate constants, kDA, determined at different temperatures for MAL-PEG13 and FUR-PEG2-
NHBoc in water. As a reminder, kDA for FUR-PEG2 2 %60 surface (obtained at the same temperatures) are also 
indicated to facilitate the comparison between the two cases. 
T (K) 293 303 313 323 
At the interface 
kDA (M
-1
.s
-1
) 
- 1.4 4.9 47 
In solution 
kDA x 10
3
 (M
-1
.s
-1
) 
1.4 2.5 4.4 (2.4) 
 
First, it it noteworthy that the rate constants are much higher at the interface than in solution for each 
temperature. This result likely originates from the confinement brought when interfacial DA reaction 
is performed. The DA rate constants measured at the interface are actually calculated from surface 
densities of functional groups and not strictly from volumetric concentrations. Therefore, when kDA is 
measured at the interface, the focus is made on the surface, that is to say one looks at an area providing 
many furan groups with which maleimide-derivatives (in solution) can react. The probability of 
collision of a maleimide group with a furan function is therefore very high at the surface scale 
compared to the total volume of solution. 
Besides, the values of kDA for MAL-PEG13 and FUR-PEG2-NHBoc in water increase with temperature 
and they obey the Arrhenius equation, as illustrated in Figure 5. 20. 
-7
-6,5
-6
-5,5
-5
0,00315 0,0032 0,00325 0,0033 0,00335 0,0034 0,00345
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(k
D
A
)
1/T (K-1)
 
Figure 5. 20: Linearization of the Arrhenius equation representing the evolution of ln(kDA) with 1/T. The equation of 
the fitting curve is ln(kDA) = -5371 / T + 14.73 (R² = 0.999). 
 
Chapter 5 - Interfacial Diels-Alder reaction between furan- and maleimide-derivatives 
 
148 
 
In addition to the determination of the activation energy (Ea = 44 ± 1 kJ.mol
-1
), it is possible to 
calculate the activation enthalpy and the activation entropy according to the transition-state theory 
(Figure 5. 21). The results obtained at the interface and in solution are summarized in Table 5. 10. 
-12,5
-12
-11,5
-11
0,00315 0,0032 0,00325 0,0033 0,00335 0,0034 0,00345
ln
(k
D
A
/T
)
1/T (K-1)
 
Figure 5. 21: Linearization of the rate constants of the DA reaction in solution according to Eyring equation. The 
equation of the fitting curve is ln(kDA/T) = -5068 / T + 5.02 (R² = 0.999). 
 
Table 5. 10: Values of thermodynamic parameters characterizing the formation of the transition-state complex 
involved during the DA reaction at the interface and in solution. 
 
Ea (kJ.mol
-1
) ΔH≠ (kJ.mol-1) ΔS≠ (kJ.mol-1.K-1) ΔG
≠
 
a)
 (kJ.mol
-1
) 
At the interface 77 ± 3 75 ± 3 0 ± 0.02 73 ± 1 
In solution 44 ± 1 42 ± 1 -0.16 ± 0.02 89 ± 3 
a) Calculated at 303 K 
 
A lower activation energy is required in solution for the dienophile to react with the diene. This can be 
explained by the higher freedom for molecular vibrations that is given in solution compared to the 
surface. The mobility of the reactants in solution facilitates the coplanar orientation of the reactive 
groups. Therefore, the activation enthalpy to form the transition-state complex is lower in solution. In 
addition, the value of the activation entropy associated to the formation of the activated complex is 
significantly negative in solution compared to the one calculated for interfacial DA reaction, leading 
also to the high entropic contribution to the free enthalpy of activation. This result can be explained by 
the order brought during the DA reaction corresponding to a bimolecular reaction forming a single 
adduct molecule. In solution, the order gain is much more evident than on plasma polymers, which are 
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poorly-defined crosslinked structures. This kinetics and thermodynamics study performed in solution 
thus brings interesting comparative elements and highlights some phenomena such as confinement 
effects close to the surface, mobility issues or steric hindrance and native disorder within plasma 
polymers that play a significant role on the interfacial DA reactivity 
 
and have a good orientation to form the transition-state complex compared to the system at the 
interface. This explains the reactivity differences observed between interfacial DA reaction and DA 
reaction in solution. For example, at 323 K, at the interface, the direct reaction occurs in 5 mins, while 
in solution, the rDA reaction begins at this temperature. 
 
VI. Conclusion 
In this chapter, DA reaction between furan-functionalized plasma polymer thin films and a maleimide 
derivative has been investigated. The furan/maleimide pair has actually been thoroughly studied in 
solution and bulk materials and it was interesting to understand also the reactivity between these diene 
and dienophile on surfaces. A maleimide-terminated PEG chain has been chosen as a dienophile in 
order to continue to investigate interfacial DA reaction in an aqueous medium, for evident interest in 
environmental and biological applications. First, a kinetics and thermodynamics study, based on the 
methodology developped in the previous chapter, has been conducted to determine the rate law of the 
reaction between FUR 2 %60 surfaces and MAL-PEG13, the activation energy of the reaction as well 
as the thermodynamic parameters associated to the formation of the transition-state complex. Then, the 
reversibility of the reaction was under question and we successfully managed to show that the 
interfacial DA reaction between furan and maleimide is reversible for at least five DA/rDA cycles 
without any degradation of the surface chemistry. It is interesting to notice that the DA and rDA 
reactions were performed under mild temperature conditions (303 K for the DA and 353 K for the 
rDA reaction), which is promising for further applications. Furthermore, to try to speed up the reaction 
kinetics, a spacer has been introduced between furan groups and the plasma polymer and the DA 
reactivity of such surfaces where compared to the FUR 2 %60 reference surfaces. If the reaction 
kinetics seemed to be speeded up, the difference of the density of furan groups on the surfaces having 
this spacer (compared to the reference) may be detrimental for the surface reactivity with other 
(smaller) dienophile molecules. Finally, a brief comparison of interfacial DA reaction with DA 
reaction fully performed in solution has been suggested. This work has highlighted that some 
phenomena such as confinement effects and limited mobility close to the surface play a significant role 
on the interfacial DA reactivity. The knowledges gathered up to now and specifically in this chapter 
dealing with the furan/maleimide pair have in fine been exploited for the engineering of smart coatings 
that could undergo reversible adhesion. 
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Chapter 6 
Reversible adhesion thanks to interfacial DA reaction on functional plasma 
polymers 
 
I. Introduction 
Adhesive covalent bonding between different substrates is commonly explored, in the academic as 
well as in the industrial fields, to provide strong adhesion properties at the interface between two 
materials. Numerous studies report on chemical adhesion via amine-epoxy chemistry.[1]–[3] 
However, the successful bonding achieved by this type of chemistry usually depends on the nature of 
the substrate and it should be noticed that the adhesion process is not reversible. To overcome these 
limitations, we have decided to investigate the possibility to develop a ‘universal’ surface 
functionalization process that provides reversible covalent bonding properties to the materials. The 
works described in the previous chapters of this manuscript demonstrated the feasibility to fabricate 
surface coatings with thermoreversible properties on a wide variety of materials. The surface 
functionalization process consists of the deposition of poly(maleic anhydride) thin film by plasma 
polymerization, followed by an aminolysis reaction and heat treatment that enables the grafting of a 
thermoresponsive compound onto the plasma polymer. This entirely vapor-phase process can be 
applied to many substrate materials, favors a good anchoring of the functional coating at the surface of 
the material and allows a certain control of thermoreversible reactivity since the latter is influenced by 
the physico-chemical properties of the film (density of functional groups, roughness, thickness and 
crosslinking) that can be simply adjusted by the operating conditions of the functionalization 
process.[4]–[8] 
As a well-known thermoreversible reaction, the Diels-Alder chemistry has often been used in polymer 
science to elaborate smart materials with reversible properties, including for self-healing purposes.[9]–
[13] To operate the Diels-Alder (DA) and retro-Diels-Alder (rDA) reactions at moderate temperature, 
it was established that furan/maleimide pair is a relevant choice.[14]–[17] In this chapter, our idea is 
thus to design DA-reactive coatings based on the functionalization process previously described in 
order to get maleimide- and furan-functionalized substrates. These DA-complementary substrates will 
then be used to investigate their potential reversible adhesion. However, even if the reactivity of this 
diene and dienophile has been evidenced when one compound is present at the surface of a material 
and the other one remains in solution, the immobilization of both the diene and the dienophile on solid 
substrates may change their efficiency. Indeed, the mobility of the functional groups is decreased, thus 
limiting the probability of collision of the reactive species. Therefore, it is fair to wonder if the 
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reversible adhesion by interfacial DA reaction between two functionalized, solid substrates is 
achievable and above all efficient. Although previous studies (using other diene/dienophile pairs) let 
us be rather confident to observe reversible adhesion between these functional coatings,[4], [18], [19] 
the durable reversibility of the system remains a real challenge. Indeed, in these previous works the 
rDA reaction, leading to the debonding of the substrates, was carried out at 473 K which entails a 
rapid degradation of the coating. 
After briefly describing the process used to bond and debond the DA-functionalized substrates, the 
interfacial DA reaction will be investigated at the macroscale via macroscopic bonding experiments as 
well as at the molecular scale via loading/unloading cycles during atomic force microscopy 
measurements. A special focus will also be made on the ‘universality’ of the process and of course on 
the durability of the reversible behavior of the developed system. 
 
II.  Proof of concept of reversible adhesion 
 II.1. Fabrication of substrates functionalized with DA-reactive groups 
To investigate the possible reversible adhesion between two solid substrates functionalized with DA-
reactive coatings, a rigid substrate (silicon wafer) was functionalized with a plasma polymer having 
furan groups and a maleimide-containing plasma polymer was deposited on a soft substrate (PDMS).  
For this purpose, a plasma polymer of poly(maleic anhydride) (MAPP 2 %) was fabricated by pulsed 
plasma polymerization performed at a duty cycle DC = 2 %. On silicon wafers, MAPP 2 % was post-
modified by a 5-minute aminolysis reaction with furfurylamine (or allylamine as reference), followed 
by a heat treatment, to obtain FUR 2 %5 (or ALLY 2 %5) surfaces (Figure 6. 1). 
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Figure 6. 1: Functionalization process used for the fabrication of (a) FUR 2 %5 and (b) ALLY 2 %5 on silicon wafer. 
  
Concerning the PDMS, the MAPP 2 % was post-modified by two aminolysis reactions performed 
during 5 mins in vapor phase with ethylene diamine, first, and then with maleic anhydride. A 
subsequent heat treatment was performed to transform the amide groups, coming from the two 
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aminolysis reactions, into more stable cyclic imide groups. This functionalization process enabled the 
fabrication of MAL 2 %5 surfaces with dienophile groups at the extreme surface (Figure 6. 2). 
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Figure 6. 2: Functionalization process used for the fabrication of MAL 2 %5 on PDMS substrate. 
 
The functionalized soft and rigid substrates were brought into contact and the adhesion strength of the 
assemblies was measured by peeling tests. Various parameters of the assembly process via direct DA 
reaction and disassembly process via rDA reaction were investigated in this first section. Maleimide-
functionalized PDMS and allylamine-functionalized silicon wafers were used as reference 
‘assemblies’ since these substrates are not supposed to generate any adhesion strength, both being 
functionalized with dienophile groups. 
 
 II.2. Investigation of interfacial DA reaction between two solid substrates 
The interfacial covalent bonding between DA-functionalized silicon wafer and PDMS was 
characterized after 12 hrs of contact at 303 K (contact pressure of 20 mbars) by peeling tests at 90°, 
realized at a constant peel rate.[20] 
 
In Figure 6. 3, a much higher adhesion strength (AS) is obtained for assemblies made of maleimide-
functionalized PDMS and FUR 2 %5 coated wafer (1.4 ± 0.1 N) compared to ALLY 2 %5 coated 
wafer (0.04 ± 0.01 N). ALLY 2 %5 and MAL 2 %5 can’t react by DA reaction because both coatings 
contain dienophile groups. The significant adhesion stregnth observed between FUR 2 %5 and 
MAL 2 % confirms the possible adhesion between two solid substrates by interfacial DA reaction 
between furan- and maleimide-functionalized plasma polymers. 
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Figure 6. 3: Evolution of the adhesion strength (AS) with the peel length for assemblies made of MAL 2 %5 and 
FUR 2 %5 or ALLY 2 %5, measured by a peeling test at 90°. 
 
Since DA reaction doesn’t instantaneously occur, the contact time between the two functional 
substrates was optimized. The assembly temperature was fixed at 303 K and the evolution of the AS 
was investigated with respect to the contact time. The AS values presented in Figure 6. 4 are the 
average values of the plateau reached for each peeling test. 
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Figure 6. 4: Evolution of the AS with the contact time at 303 K for assemblies made of MAL 2 %5 and FUR 2 %5 or 
ALLY 2 %5, measured by peeling tests at 90°.  
 
Below 4 hrs of contact, the AS is null for both FUR 2 %5 and ALLY 2 %5, meaning that interfacial 
DA reaction didn’t occur yet. However, after 8 hrs of contact, the AS increases to reach a plateau 
value close to 3 N for FUR 2 %5 (AS remains null for the reference ALLY 2 %5). We can deduce 
from these experiments that the DA reaction between FUR 2 %5 and MAL 2 %5 surfaces is complete 
after 16 hrs. To be sure that the plateau value is reached, a contact time of 20 h has been chosen for the 
following experiments. 
 
 II.3. Influence of the density and accessibility of DA-reactive groups on interfacial DA 
reaction between solid substrates 
In the previous chapters, we have seen that the DA reactivity varies when the density and the 
environment of the functional groups change. Therefore, we suggest in this section to investigate the 
influence of the coating properties on the AS of assemblies. For this purpose, different coatings 
containing furan groups were deposited on silicon wafers: 
- FUR 2 %5 
- FUR 2 %60, prepared with a longer aminolysis time, which should increase the amount of furan 
groups, especially within the plasma polymer, 
- FUR 100 %5, prepared by continuous plasma polymerization, which decreases the density of 
available furan groups, 
- FUR-PEG2 2 %60, having a spacer between the furan group and the plasma polymer compared to 
FUR 2 %60, which should increase the mobility of the furan group. 
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The feasibility of the bonding process between the different furan-functionalized surfaces with a 
dienophile-functionalized PDMS (MAL 2 %5) by interfacial DA reaction (303 K, 20 h) was 
characterized the AS measured by 90° peeling tests (Table 6. 1). 
 
Table 6. 1: AS values of assemblies made of MAL 2 %5-functionalized PDMS and different furan-functionalized 
silicon wafers. 
Surface AS value (N) 
FUR 2 %5 2.8 ± 0.1 
FUR 2 %60 3.9 ± 0.1 
FUR 100 %5 0.09 ± 0.01 
FUR-PEG2 2 %5 0.27 ± 0.03 
 
As demonstrated in the previous chapters, the accessibility and the density of furan groups influence 
the DA reactivity, which is evidenced here by different AS obtained for the different assemblies. The 
comparison between the AS values of FUR 2 %5 and FUR 100 %5 shows that a higher density of 
furan groups (in FUR 2 %5) favors a stronger adhesion with maleimide-functionalized substrates. This 
result is not surprising since more covalent bonds can be formed between the two solid substrates. 
Besides, FUR 2 %60 leads to a slightly higher AS, compared to FUR 2 %5 (AS = 3.9 ± 0.1 N and 
2.8 ± 0.1 N respectively), since a longer aminolysis time favors a deeper functionalization of the 
plasma polymer, thus increasing the number of available furan groups for the formation of covalent 
bonds during the assembly with maleimide-PDMS. However, it can be noticed that the difference 
between the two values is not extremely high probably because adhesion phenomena remain surface 
phenomena and the properties at the outermost surface of these two coatings are quite similar. Finally, 
the low AS between MAL 2 %5 and FUR-PEG2 2 %60 may be due to steric hindrance because of the 
presence of the spacer as well as the higher mobility of the furan groups, which may be detrimental for 
the formation of the DA adduct between the two surfaces. 
This study demonstrates the impact of the density and the accessibility of the reactive groups on the 
adhesion properties of assemblies via interfacial DA reaction. For practical reasons (time required for 
the surface functionalization process), FUR 2 %5-functionalized silicon wafers will be used thereafter 
to continue to investigate interfacial DA reaction between two solid substrates. 
 
 II.4. From interfacial DA to rDA reaction between two solid substrates 
As already discussed, the DA or the rDA reaction may be predominant regarding the temperature at 
which the reaction is carried out. Therefore, assemblies made of MAL 2 %5 and FUR 2 %5 (or 
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ALLY 2 %5 as reference) were made at different temperatures (at a fixed contact time of 20 hrs) and 
characterized by 90° peeling tests. The average AS values are presented in Figure 6. 5. 
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Figure 6. 5: Evolution of the AS with the temperature after 20 hrs of contact for assemblies made of MAL 2 %5 and 
FUR 2 %5 or ALLY 2 %5, measured by peeling tests at 90°. 
 
The AS between FUR 2 %5 and MAL 2 %5 increases up to 2.8 ± 0.1 N for a temperature rising from 
288 K to 303 K. Then, the AS value decreases for higher temperatures to reach a value close to 0 N at 
353 K. For assemblies made of MAL 2 %5 and ALLY 2 %5, no adhesion can be measured at any 
temperature. These results nicely show that interfacial DA reaction occurs at moderate temperature, 
with an optimal temperature for the direct DA reaction close to 303 K. Above this temperature, the 
progress of rDA reaction significantly occurs and leads to the disassembly of the substrate at 353 K. 
From this temperature, it can be considered that interfacial rDA reaction mainly occurs. 
 
 II.5. Interfacial rDA reaction between two solid substrates 
To confirm that the decrease of AS above 303 K is due to the progressive rDA reaction, assemblies of 
MAL 2 %5 and FUR 2 %5 were made at 303 K for 20 hrs and were then heated up to 353 K or 393 K 
for several hours inside the dynamometer (equipped with the heating system). The AS was regularly 
measured to try to follow ‘in situ’ the rDA reaction by 180° peeling tests. The Figure 6. 6 represents 
the evolution of the AS with respect to the time spent at high temperature (353 K or 393 K). 
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Figure 6. 6: Evolution of the AS with the time spent at high temperature (353 K and 393 K) for assemblies made of 
MAL 2 %5 and FUR 2 %5, measured by peeling tests at 180°. 
 
The decrease of the AS when the time spent at high temperature increases demonstrates the 
progressive separation of the two substrates due to the increase of the rDA reaction progress with time. 
According to these experiments, the rDA reaction seems to be complete after 4 hrs at 353 K and only 
2 hrs at 393 K. 
These results are fully original and open innovative perspectives for adhesive covalent bonding via 
interfacial DA reaction, based on functional plasma polymers. Indeed, the former studies performed in 
this field reported on a successful rDA reaction performed as high as 473 K.[4], [18], [19] In this 
study, the rDA reaction is much lower, which is very promising to avoid the degradation of the 
functional coatings after several DA/rDA cycles. By the way, the reversibility of this interfacial DA 
reaction over several cycles will be investigated in the following section. Although the rDA reaction is 
faster at 393 K, we have chosen to perform the rDA reaction at 353 K for 4 hrs in order to retain as 
much as possible the chemical composition of the functional coatings and to be able to apply this 
reversible bonding process to the widest variety of materials. 
 
III.  ‘Universality’ and stability of reversible adhesion based on functional plasma 
polymers 
 III.1. Determination of the AS for various assemblies after several DA/rDA cycles 
The previous paragraph leads to the conclusion that FUR 2 %5-functionalized silicon wafer and 
maleimide-functionalized PDMS can be covalently bonded thanks to DA reaction at 303 K (contact 
time: 20 hrs) and easily debonded thanks to rDA reaction at 353 K (reaction time: 4 hrs). In this part, 
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the objective is to prove the chemical stability of the coatings after several DA/rDA cycles between 
maleimide-functionalized PDMS and various types of furan-functionalized rigid substrates, namely 
silicon wafer, glass slide, PTFE and PA 6. For this purpose, the different assemblies were prepared 
and five bonding/debonding cycles were performed under the conditions mentioned above. 
After each step (DA or rDA reaction), the AS of the assemblies were characterized by 90° peeling 
tests (Figure 6. 7). After each DA reaction, the AS reaches a value comprised between 2.4 N and 3.0 N 
for silicon and glass substrates and between 1.5 N and 2.0 N for polymeric substrates. The difference 
of AS measured between silicon or glass and polymers may be due to a slightly lower density of 
functional groups present on the coatings. When plasma polymerization is performed, ablation 
phenomenon occurs simultaneously to the growth of the polymer film, which may contaminate to a 
certain extent the chemical composition of the deposited plasma polymer.[21] This phenomenon is 
more pronounced for polymeric substrates since small polymer chains can be easily extracted from the 
substrates and may then contribute to the chemical composition of the deposited coating. The density 
of diene groups in the plasma polymer can therefore be slightly decreased compared to substrates such 
as silicon or glass, which may influence the DA reaction. 
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Figure 6. 7: Evolution of the AS of the different assemblies, characterized by 90° peeling tests, for five DA/rDA cycles. 
 
It is also interesting to observe the absence of adhesion after each heating step, corresponding to rDA 
reaction, for all four assemblies. These results prove for the first time the perfect reversibility of the 
interfacial DA reaction between various solid substrates for at least five DA/rDA cycles. Moreover, it 
can be noticed that the bonding/debonding process operates under mild conditions compared to the 
ones described in the literature.[4], [18], [19] The proof of concept of reversible adhesion with PTFE 
is also really promising since the use of this material in assemblies often causes adhesion defects. This 
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study opens outstanding perspectives for industrial applications in the field of smart adhesion 
processes. 
 
III.2. Characterization of surface chemistry during the five DA/rDA cycles 
To confirm the absence of degradation of the surface chemistry after each DA/rDA cycle, the furan-
functionalized surfaces of the different assemblies were first characterized by ACA measurements 
(Table 6. 2). 
 
Table 6. 2: ACA measurements for the different rigid substrates before contact (FUR 2 %5) and after each DA/rDA 
cycles (rDA n°1, 2, 3, 4 and 5). 
Substrate FUR 2 %5 rDA n°1 rDA n°2 rDA n°3 rDA n°4 rDA n°5 
Silicon wafer 67° ± 2° 65° ± 2° 65° ± 3° 63° ± 2° 62° ± 4° 62° ± 5° 
Glass slide 62° ± 2° 60° ± 4° 60° ± 3° 59° ± 1° 61° ± 3° 64° ± 4° 
PTFE 79° ± 3° 76° ± 2° 74° ± 2° 76° ± 3° 77° ± 1° 78° ± 3° 
PA6 73° ± 3° 69° ± 3° 72° ± 4° 74° ± 3° 79° ± 3° 77° ± 5° 
 
In Table 6. 2, the ACA value for a given substrate is the same before the first contact (FUR 2 %5) and 
after each DA/rDA cycle. This observation means that the chemical composition of the outermost 
surface remains stable during these bonding/debonding cycles, proving the perfect reversibility of the 
interfacial DA reaction between two solid substrates functionalized with furan- and maleimide-
containing plasma polymers. 
It is interesting to notice the ACA values slightly differ regarding the nature of the rigid substrate, in 
particular if one compares silicon or glass and polymeric substrates. This difference in the ACA 
values, already present before any DA/rDA cycle, confirms our previous remark on the fact that 
polymer chains coming from the substrates may be found within the plasma polymer coatings, limiting 
the density of diene groups and, therefore, the AS of PDMS-polymer assemblies. 
 
The stability of the chemical composition during these five DA/rDA cycles was also verified by XPS 
(Figure 6. 8 and Figure 6. 9). High resolution spectra of C1s were measured for the different furan-
functionalized substrates before and after the five DA/rDA cycles. The degradation of the functional 
coatings would particularly lead to a decrease of the imide groups present at the surface, which are 
directly bonded to the DA-reactive furan groups, and/or an increase of anhydride groups than could 
come from the coating present on the PDMS which may delaminate during the debonding steps. 
Consequently, one can particularly focus on the relative intensity of the characteristic peaks of the 
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imide (288.4 eV; O=C-N-C=O) and the anhydride (289.5 eV; O=C-O-C=O) groups in Figure 6. 8 and 
Figure 6. 9. For all substrates, no significant change in the imide/anhydride intensity ratio could be 
observed by comparing the spectrum before and after the five DA/rDA cycles. These XPS results thus 
correlate the results of ACA and AS measurements and lead to conclude that the reversible adhesion 
process is stable for at least five cycles for all tested materials. 
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Figure 6. 8: High resolution XPS spectra of C1s of FUR 2 %5 surfaces (a, c) before and (b, d) after the 5 DA/rDA 
cycles for (a, b) the silicon wafer and (c, d) the glass slide. 
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Figure 6. 9: High resolution XPS spectra of C1s of FUR 2 %5 surfaces (a, c) before and (b, d) after 5 DA/rDA cycles 
for (a, b) PA 6 and (c, d) PTFE. 
 
IV.  Reversible adhesion by interfacial Diels-Alder reaction at the molecular scale 
After proving the perfect reversibility of the DA reaction between furan- and maleimide-derivatives at 
the macroscopic scale by measuring the adhesion strength of assemblies by peeling tests, the 
reversible adhesion via interfacial DA reaction was investigated at the molecular scale between furan-
functionalized silicon wafers and maleimide-functionalized atomic force microscopy (AFM) tips.  
 
 IV.1. How to measure adhesion strength by AFM? 
Silicon wafers were coated with FUR 2 %5 (or ALLY 2 %5 as reference) and MAL 2 %5 was 
deposited on AFM tips as previously described for PDMS substrates (Figure 6. 10). 
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Figure 6. 10: AFM tip functionalized with MAL 2 %5. 
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Adhesion strength at the molecular scale was then measured by AFM with the peak force quantitative 
nanomechanical mapping method. This method consists of the monitoring of the loading and 
unloading force-distance curves (by nanoindentation of the sample in a point-by-point mode) at each 
position within the mapped area of the sample.[22] Thanks to all these data, an average value of the 
adhesion strength can then be calculated for each sample. A typical loading and unloading force-
distance (FD) curve is presented in Figure 6. 11. 
 
Figure 6. 11: (a) Plot of the force as a function of time during a typical loading and unloading cycle and (b) the related 
FD curve. The loading and the unloading are represented by the blue and the red line, respectively. Inspired from 
[23]. 
 
At the beginning of the acquisition, the tip is far from the surface (A) so there is no interaction 
between the tip and the surface. As the tip approaches the surface, the cantilever is pulled down by 
attractive forces (B). The tip then stays on the surface and the force increases until a maximum value 
(peak force, C). The probe then withdraws and the force decreases until it reaches a minimum (D): the 
adhesion strength between the furan-functionalized surface and the maleimide-functionalized AFM tip 
is given by the force value at this point. Then, the tip is too far from the surface so the force decreases 
until zero (E). 
 
 IV.2. Feasibility of DA/rDA reactions at different temperatures 
The feasibility of the interfacial DA/rDA reactions at the molecular level was investigated by AFM 
measurements while heating both AFM tip and FUR 2 %5 (or ALLY 2 %5 as reference) 
functionalized-silicon wafer in order to observe the influence of the temperature on the molecular 
adhesion strength (AS). In practice, the system was first heated from room temperature to 363 K then, 
cooled down back to room temperature and the AS was calculated at different temperatures (Figure 6. 
12). 
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Figure 6. 12: Evolution of adhesion strength at molecular level between MAL 2 %5 and silicon wafer functionalized 
by FUR 2 %5 or ALLY 2 %5. 
 
First of all, the control experiment performed with ALLY 2 %5 shows that no adhesion is measured 
between two surfaces functionalized with dienophiles whatever the temperature is, which is in 
accordance with previous macroscopic observations. However, a significant increase of the AS 
between MAL 2 %5 AFM tip and FUR 2 %5 silicon wafer is measured between 293 K and 323 K 
with a maximum at 303 K during the heating phase of the samples. These results proves that an 
adhesion phenomenon via interfacial DA reaction occurs at the molecular scale thanks to the 
formation of the DA adduct between the two functionalized solid substrates. In addition, the decrease 
of the AS at higher temperatures shows the progressive preponderance of the rDA reaction occuring 
between the AFM tip and the silicon wafer. The same tendency is observed during the cooling phase 
of the samples, thus demonstrating the reversibility of the DA reaction at the molecular level. 
It is worth noting that the temperature could have an impact on the stiffness constant of the cantilever. 
Because of experimental limit of the procedure, the calibration was done only at room temperature 
(before the first loading/unloading cycle). Differences between calibrated value and real value of the 
stiffness constant during heating/cooling cycles explain the difference obtained in the AS values. 
 
Furthermore, this AFM mode allows the collection of loading and unloading force-distance curves at a 
frequency of 2 kHz. This means that the interfacial DA reaction is almost instantaneous when the 
reactants are brought into contact at the molecular scale. 
 
As a conclusion, these AFM measurements, characterizing molecular adhesion phenomena are in 
accordance with macroscopic behavior of assemblies. Indeed, the results presented in Figure 6. 5 (AS 
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by peeling tests) and Figure 6. 12 (AS by AFM) show the same evolution of the AS with respect to the 
temperature. In both cases, the optimal temperature for the DA reaction seems to be 303 K (higher AS) 
whereas no adhesion is observed above 353 K, corresponding to an appropriate temperature for rDA 
reaction. However, the contact time needed to measure the AS between the two solid substrates was 
much longer at macroscopic scale (20 hours) than at the molecular scale (almost instantaneous) which 
is probably due to the proximity of the functional groups that significantly differ in the two systems. 
According to this study, we can claim that the reversible adhesion phenomenon macroscopically 
observed can be correlated to reversible adhesion measured at the molecular level. 
 
V. Conclusion 
In this chapter, we have investigated the interfacial DA reaction as a way to reversibly bond two solid 
substrates, functionalized with DA reactive plasma polymer coatings. Assemblies made of maleimide-
functionalized PDMS and furan-functionalized rigid substrates were fabricated and their adhesion 
strength was compared regarding different parameters (contact time, contact temperature, physico-
chemical properties of the furan-containing plasma polymer). As previously demonstrated, the 
interfacial DA reaction is strongly influenced by the physico-chemical composition of the polymer, 
controlled by the operating conditions of the surface functionalization process (plasma polymerization 
and subsequent aminolysis reaction), but also by the reaction time (here the contact time) and of 
course the reaction temperature. 
More interestingly, it has been evidenced for the first time that reversible covalent adhesion was 
successful between solid substrates functionalized with complementary DA-reactive plasma polymers 
for at least five DA/rDA cycles. The durable reversibility of the bonding/debonding process is ensured 
by good stability of the functional coatings thanks to a moderate rDA temperature (353 K) compared 
to previously published works. In addition, the ‘universality’ of the functionalization process based on 
a solvent-less surface modification technique enables the application of this concept to a multitude of 
materials (as evidence here with silicon, glass, PTFE and PA 6 substrates). Finally, by comparing the 
adhesion behavior between furan-functionalized and maleimide-functionalized substrates at the 
macroscopic scale (by peeling tests) and at the molecular level (by AFM measurements), a good 
correlation of the evolution of the AS with the temperature was observed. As a conclusion, the results 
of this study are really promising for the development of smart covalent adhesives. 
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General conclusion 
From laboratory results... 
 
In this thesis, we have successfully achieved three objectives: (i) we managed to fabricate smart 
coatings with thermoreversible properties, based on functional plasma polymers; (ii) we have 
developed an efficient methodology to investigate interfacial reactivity, which enabled the thorough 
understanding of this reactivity and (iii) we applied all acquired knowledges to the proof of concept of 
reversible covalent adhesion between two solid substrates functionalized with smart coatings. 
 
First, the functionalization of the materials was realized in two steps consisting of the deposition of 
poly(maleic anhydride) thin film by plasma polymerization, followed by a post-modification step 
(aminolysis reaction between amine-terminated molecule of interest and anhydride groups) to have the 
desired chemistry on the surface. This fabrication process was proved to be feasible on various natures 
of substrate, as evidenced by diverse characterization techniques. On that way, diene-functionalized 
surfaces were fabricated and were used for subsequent Diels-Alder (DA) reaction with different 
dienophiles, in water. 
 
The first chosen dienophile was maleic anhydride, a model molecule, to study the influence of the 
polymer thin film properties on the interfacial DA reactivity. The determination of the rate law, of the 
rate constants, of the activation energy and of the thermodynamic parameters (activation enthalpy and 
entropy as well as free enthalpy of activation) associated to formation of the transition-state complex 
involved during the DA reaction for coatings with various physico-chemical properties (crosslinking 
rate and reactive sites content) evidenced that differences in the thin film microstructure imply 
significant changes in the DA reactivity. It was thus possible to tune the interfacial DA reactivity by 
tailoring the physico-chemical properties of the polymer thin film directly via the selected operating 
conditions of the plasma polymerization and the post-modification processes. Since the fastest DA 
reaction occurred for the low-crosslinked polymer (deposited by plasma polymerization with a low 
duty cycle DC = 2 %), this operating condition was used in the following studies. 
 
Then, another dienophile, namely maleimide, was selected in order to continue to realize the DA 
reaction under mild conditions (moderate temperatures, aqueous medium) and above all to have at 
disposal derivatives whose properties correspond to the targeted application. The methodology 
previously developed has been applied to characterize the interfacial reactivity between furan-
functionalized plasma polymers (diene on the surface) and a maleimide-terminated PEG chain 
(dienophile in water). It has been discovered that the presence of a spacer between the diene and the 
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plasma polymer, which aims at increasing the accessibility and the mobility of the reactive groups, 
slightly speeds up the DA reaction. However the maleimide-derivative used for these investigations 
couldn’t enable to conclude unambiguously on the utility to have this spacer since the influence of the 
density of diene groups at the surface on the reactivity couldn’t be addressed. With this 
diene/dienophile pair, a comparison of the interfacial reactivity and the reactivity in solution was also 
possible. This study interestingly highlighted the positive influence of singular properties of surfaces 
on the reactivity such as confinement effects close to the surface. 
 
Finally, the reversible covalent adhesion between two solid substrates was investigated between 
maleimide- and furan-functionalized plasma polymers, deposited on soft and rigid substrates, 
respectively. The reversible adhesion between these solid substrates was studied for coatings 
presenting various physico-chemical properties and was optimized at a macroscopic scale (contact 
time and temperature). Afterwards, the reversible adhesion was proved at the molecular level thanks to 
adhesion force measurements by atomic force microscopy (AFM) between furan-functionalized 
surfaces and maleimide-functionalized AFM tips. A good correlation was obtained between the 
adhesive behavior at macroscopic- and molecular scales. 
 
All previous studies parallelly investigated the reversibility of the DA reaction in soft conditions (in 
water for temperatures below 373 K) for various substrates (silicon wafer, Teflon®, polyamide 6 or 
glass plate). An outstanding result of this thesis is the proof of concept of the perfect reversibility of 
the covalent adhesion phenomenon for at least five DA/rDA cycles without any degradation of the 
surface chemistry on all tested materials. The development of these functional polymer coatings with 
thermoreversible properties thus opens up very promising applications. 
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Perspectives 
...to industrial applications 
 
In this project, we have developed functional polymer coatings, assisted by plasma polymerization, 
with thermoreversible properties. We have successfully demonstrated the stability of these properties 
over at least five cooling/heating cycles. However, it is still possible to improve the conditions of this 
reversible adhesion process. 
 
For example, the chain length and the nature of the spacer unit between the DA-reactive group and the 
plasma polymer could be modified (as for the furan- but also the maleimide-derivative). Indeed, short 
spacer units seem to be efficient to increase the adhesion strength. It would thus be interesting to 
synthesize several amine-terminated DA-reactive compounds, possibly with hydrophobic or 
hydrophilic spacer units, and to graft them onto plasma polymer coatings to measure the adhesion 
strength of the corresponding assemblies. 
 
In addition, the developed system based on furan/maleimide pair, requires relatively long contact time 
to reach good adhesion strength. While the assembly process could be optimized (in particular the 
contact pressure), the plasma polymer properties could also continue to be optimized to try to increase 
even more the density and the accessibility of the DA-reactive groups, without weakening the 
adhesion of the plasma polymer on the substrate. 
The temperatures at which the DA and rDA reactions occur could also be changed to try to speed up 
the reactions. The presence of other substituents on the diene or dienophile-derivatives or more 
drastically the change of the diene/dienophile pair would impact this parameter. Of course the change 
of the diene/dienophile pair could also be adapted to fit with the temperature requirements of the 
targeted application. 
It is also obvious that other applications than reversible adhesion of solid substrates could be 
considered. For instance, the developed concept could be relevant for biomedical applications in order 
to control the immobilization and the release of biomolecules onto/from sensors or membranes to be 
able to separate biomolecules from a complex medium or simply to fabricate regenerable selective 
membranes. 
 
Many challenging applications could therefore be imagined from the proof of concept of reversible 
covalent adhesion shown in this thesis but it is also crucial to continue to understand and control the 
interfacial DA reactivity in order to tailor the DA-reactive system regarding the targeted goal. 
 
  
Smart coatings with interfacial thermoreversible properties 
Stimuli-responsive materials have properties that depend on the environment in which they are used. 
In most cases, the material itself is formulated to react to the corresponding stimulus. However, many 
phenomena occur at the surface of the material. In this context, our group works on stimuli-responsive 
surfaces based on a polymer thin film whose properties vary according to its environment. More 
precisely, the aim of this study is the design of functional coatings that react via Diels-Alder 
chemistry, a thermoreversible reaction between a diene and a dienophile, and the understanding in 
their interfacial reactivity. Experimentally, poly(maleic anhydride) is first deposited on various types 
of substrates by plasma polymerization, a solvent-free surface functionalization process. Then, an 
aminolysis reaction, performed in vapor phase, enables the grafting of furan-terminated compounds 
(diene) onto the functional plasma polymer. These reactive surfaces are subsequently immersed into 
an aqueous dienophile (maleic anhydride or maleimide) solution in order to investigate their interfacial 
reactivity regarding Diels-Alder reaction. A kinetics and thermodynamics methodology has then been 
developed to characterize thoroughly Diels-Alder interfacial reaction on coatings with various 
physico-chemical properties. It has been evidenced that the density of functional groups and their 
accessibility at the surface strongly influence the reaction rate, the activation energy and 
thermodynamic parameters associated to the formation of the transition-state complex. Of course, the 
reversibility of this reaction under mild conditions was also investigated and outstanding results have 
been obtained without any alteration of the functional polymer coating even after five Diels-Alder / 
retro-Diels-Alder cycles. These results have led to the successful proof of concept of the reversible 
covalent adhesion between solid substrates. 
 
Keywords: functional polymer coatings, thermoresponsive surfaces, plasma polymerization, Diels-
Alder reaction, interfacial reactivity, reversible covalent adhesion 
 
Développement d’interfaces intelligentes aux propriétés thermoréversibles 
Les matériaux stimulables sont des matériaux dont les propriétés varient selon l’environnement dans 
lequel ils sont utilisés. Habituellement, le matériau massif est formulé pour répondre à un stimulus. 
Toutefois, de nombreux phénomènes ont lieu en surface. Par conséquent, notre groupe s’intéresse à 
l’élaboration de surfaces intelligentes, basées sur un film mince polymère aux propriétés stimulables. 
Dans ce contexte, le but de cette étude est le design de revêtements fonctionnels réagissant selon une 
chimie de Diels-Alder, une réaction thermoréversible entre un diène et une diénophile, ainsi que la 
compréhension de leur réactivité interfaciale. 
Expérimentalement, un film mince de poly(anhydride maléique) est déposé par polymérisation 
plasma, un procédé de fonctionnalisation de surface sans solvant, sur différents substrats. Puis, une 
réaction d’aminolyse en phase vapeur permet d’y greffer des groupements furanes (diène). Ces 
surfaces fonctionnelles sont ensuite immergées dans une solution aqueuse de diénophile (anhydride 
maléique ou maléimide) afin d’étudier leur réactivité interfaciale via une réaction de Diels-Alder. Une 
méthodologie cinétique et thermodynamique a été développée afin de caractériser précisément la 
réactivité interfaciale de Diels-Alder de revêtements fonctionnels aux propriétés physico-chimiques 
variées. Il a été montré que la densité et l’accessibilité des groupements réactifs en surface  
influençaient significativement la vitesse de réaction, l’énergie d’activation et les paramètres 
thermodynamiques associés à la formation du complexe de l’état de transition. La réversibilité de cette 
réaction dans des conditions douces a également été étudiée, démontrant l’excellente stabilité 
chimique des revêtements même après cinq cycles de Diels-Alder / retro-Diels-Alder. Ces résultats ont 
in fine permis d’apporter une preuve de concept de la faisabilité d’une adhésion covalente réversible 
entre des substrats solides. 
 
Mots-clés : revêtements polymères fonctionnels, surfaces thermosensibles, polymérisation plasma, 
réaction de Diels-Alder, réactivité interfaciale, adhésion covalente réversible 
 
